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Presence of a high-affinity Ca 2- and Mg 2 -dependent ATPase in rat peritoneal
mast-cell membranes

Lynn M. AMENDE* and Mildred A. DONLON
Biochemi.strt Department, Armed Forces Radiobiology Research Institute, Bethesda, MD 20814-5145, U.S.A.

(Received 6 Notember 1984/Accepted 17 December 1984)

Purified perigranular and plasma membranes isolated from rat peritoneal mast cells
were examined for Ca2 +- and Mg 2+-dependent ATPase activity. Isolated perigranu-
lar membranes contained only a low-affinity Ca2 + - or Mg2+-dependent ATPase
(Km >0.5mM). The plasma membranes contained both a low-affinity Ca -+-or Mg -+-

dependent ATPase (Km = 0.4mM, Vma,. = 20nmol of P,/min per mg), as well as a
high-affinity Ca2+- and Mg 2 -dependent ATPase (Km = 0.2pM, Vma , = 6nmol of
P,/min per mg).

Although the release of histamine from mast Ca2 has been detected by ion-probe analysis in
cells may be elicited by a variety of secretagogues, the membrane-bound histamine-containing gran-
an absolute requirement for Ca2+ exists. A rapid ules (Chock et al., 1982; Hein & Caulfield, 1982,
increase in intracellular Ca2+ concentration is 1983). The granules may form an intracellular
required to trigger exocytosis of the histamine- Ca2+-storage site, thereby serving as an integral
containing granules from mast cells. Although a component of the mechanism for the maintenance
plasma-membrane Ca2 +,Mg2 +-ATPase (or Ca2 +  of low intracellular Ca2 + concentrations. There-

" pump) has been demonstrated in a variety of cell fore the perigranular membrane may contain
' types (reviewed by Penniston, 1983), a role for such components of a Ca2 -transport mechanism neces-
. a Ca2 + pump in the histamine release mechanism sary for Ca 2 + sequestration within the granule

has only been postulated (Fewtrell & Gomperts, matrix. Accordingly, the perigranular membranes
1977a.b: Magro et al.. 1983). Pharmacological were also examined for high-affinity Ca2 +.Mg "Z-
agents shown to inhibit the Ca2 +,Mg2 +-ATPase ATPase activity.
found in muscle sarcoplasmic reticulum also

Sinhibit mast-cell degranulation (Fewtrell & Gom- Materials and methods
perts, 1977a.b). Unlike the Na++K+-dependent
ATPase. which is specifically inhibited by oua- Membrane isolation and purification
bain, no inhibitor specific for the high-affinity Male Sprague Dawley rats (300 400g) were
Ca2+.Mg2+-ATPase has been identified. There- killed by CO: inhalation and mast cells were
fore studies measuring the direct effect of potential obtained by peritoneal lavage. The mast cells were
inhibitors on the mast-cell Ca 2+,Mg-+-ATPase purified (>95o pure) by centrifugation through
could be useful for elucidating the role of various 38'. (w v) albumin (Sullivan et al.. 1975) and
transport ATPases in the secretory process. To disrupted by repeating a cycle of single 0.5s

. initiate these studies, rat peritoneal mast-cell sonication pulses, followed by centrifugation to
membranes were examined for the high-affinity separate the released granules (Amende & Donlon. _

SCa-.Mgl+-ATPase. This paper reports evidence 1985). Plasma membranes were separated from
for such a high-affinity Ca2+,Mg-'-ATPase in intact granules by centrifuging the sonicated

* mast-cell plasma membranes. material through a self-generating Percoll gradient
.rnue'M- s C-n (Kruger et al., 1980). The plasma membranes

.Abreations used a2:,Mg--ATPase, CI-and remained at the Percoll buffer interface and.Mg -dependent ATPase. HFDTA° N-hvdrolxvethvl- ";
ethylenediaminetriacetic acid. ." were washed three times with 50mM-
*To %hom correspondence and reprint requests Hepes tetramethylammonium hydroxide. pH 7.5.

-. should he sent. Present address: NIADDK. Bldg. 10, Perigranular membranes were prepared by
Rm SD06. National Institutes of Health, Bethesda. the osmotic lysis of intact granules (Percoll pellet)
MD 20205. I.S.A. (Uvnas et al.. 1970). These membrane fractions
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336 L. M. Amende and M. A. Donlon

were examined by using membrane marker en- 14 .
zymes. The plasma-membrane fraction was en- (a) 0Mg,

riched 4-6-fold in 5'-nucleotidase (a plasm a- 12 --.....- "

membrane marker) specific activity, and 10 - 2oo, Mg"
mitochondrial contamination as measured by " / "
succinate dehydrogenase total activity was 15*, of 8 8

the initial homogenate activity. The perigranular /
membranes contained 10o of the initial homogen-
ate 5'-nucleotidase specific activity and 1o of the 4
succinate dehydrogenase activity. . --

A TPase actiritY determination "0 5.10 0 0

ATPase assays were conducted as described0.1 0.5 1.
previously (Amende et al.. 1983). The high-affinity o0
Ca-gMg 2--ATPase was assayed in the presence of W (,) 200. Mg" _..,"
0.2mM-Tris/ATP. 80mM-KCI, 20mM-Hepes/ 8

tetramethylammonium hydroxide (pH 7.5), ......... .

I mM-NaN 3 and 0.8mM-ouabain, with I mM- ,.. .
HEDTA as the Ca 2-- chelating agent, with various 4

amounts of CaCI. added as needed for each Ca2 +

concentration, determined as described by 2
Amende et al. (1983). The Ca 2- concentration was 0 .
varied from 0.11 to 57pM in the presence of 0 and 0.1 0.5 1 5 10 50 100

200pM-Mg 2 . Phosphate was determined by an Free [Ca"] (pM)

automated assay (Raess & Vincenzi, 1980). Sym- m ( a p r a
bols and bars in Figures represent means+S.E.M. Fig. I. Effect of Ca2+ and Mg2+ on the A TPase actiit. o"fo rilcaeasas.Vlesfr .an . ee mast-cell (a) plasma and (b) perigranular membranes ::.
for triplicate assays. Values for Km and Vma. were The isolated mast-cell membranes were assayed for
calculated from Lineweaver-Burk double-recipro- ATPase activity as described in the Materials and
cal plots of the data. methods section. The free Cal * concentration was

The assay media for the low-affinity Ca2+ - and varied from 0 to 60,uM in the presence of(A) 0 and
Mg 2+-dependent ATPases contained 3mM-ATP, (0) 200pM-Mg2 *.
20 m-Hepes/tetramethylammonium hydroxide,
80mM-KCI, I mM-NaN 3 , 3mM-ouabain, and _ _-__ _ _"

CaCl, (Ca 2+-dependent ATPase), MgCl, (Mg 2+ -

dependent ATPase plus high-affinity Ca;+,Mg 2+- apparent. The high-affinity component has a Km
ATPase activated by the micromolar amounts of for Ca2 + ofapprox. 0.2pM, with a Vmax. of6-7nmol
Ca -2+ present in the assay system) or MgCI. and of P,/min per mg, whereas the low-affinity ATPase
I mM-EGTA (Mg 2+-dependent ATPase only), as shows an approx. Km of 0.9pM and an estimated
indicated in the Figure legends. V,, ,. of 11.Snmol of P,/min per mg. The high- %

Protein content was determined by a modifica- affinity component is activated by Mg 2 + . This is
tion of the Lowry method (Peterson, 1977), with the first report of a high-affinity Cal + , Mg -+-

bovine serum albumin as standard. ATPase in mast-cell plasma membranes. The low-
affinity component was previously identified

Materials (Cooper & Stanworth, 1976, Magro, 1977. Chak- 7
Hepes. HEDTA, ouabain and bovine serum ravarty & Echetebu, 1978). The addition of200pM-

albumin were obtained from Sigma Chemical Co., Mg! + to the assay medium for perigranular-
St. Louis, MO, U.S.A. membrane ATPase activity caused a small

increase in activity (Fig. lb). This low Ca-+,  "

Results and discussion Mg 2+-ATPase activity may be due to the
presence of plasma membranes in the final *" V

Fig. I(a) shows the high-affinity Ca2 +,Mg " - perigranular-membrane preparation. The 5'- '
ATPase activity found in the enriched rat periton- nucleotidase activity (a plasma-membrane enzyme
eal mast-cell plasma-membrane fraction. In the marker) of the perigranular membranes was 10'o
absence of Mg 2: , only a Ca2 +-dependent ATPase of that of the whole mast-cell sonicated prepara-
1, present, with a K. for Ca 2 + of approx. 3pM and tion, indicating that some residual plasma-
V.,,. of around 12.3 nmol of P,/min per mg. When membrane contamination of the perigranular-
assayed in the presence of 200pM-Mg 2 , both high- membrane preparation had occurred (Amende & "- •
and low-affinity components of the ATPase are Donlon, 1985).

1985
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IMast-cell membrane Ca'- and Mg'-dependent ATPases 337

Another approach to detecting the ('a 2 .Mg 2 +- Nielson (1980), who showed the presence of a low-
ATPase is shown in Fig. 2. Various low-affinity affinity ATPase in perigranular membranes as
ATPases were assayed in the plasma-membrane well as the plasma membranes. Our results show
fraction (Fig. 2a), with millimolar amounts of that the high-affinity ATPase is present in the
ATP, Mg'+, Ca' and Mg'+ + I m~M-FGTA plasma membrane, but not in the perigranular
(Amende et aL. 1983). The activity of the Mg2+- membranes. The mechanism by which Ca2 +
dependentI A TPase is greate r thban that of t he Ca 2 + - accumulates in the mast-cell granule (Chock ef al..,*~
dependent ATPase. The addition of EGTA che- 1982. Hein & Caulfield. 1982, 1983) is still
lates the small amount of contaminating ('a 2 * unknown, since no high-affinity ATPase could be
present in the assay buffer (I 2pum) and thereby demonstrated in the perigranular membranes.
eliminates the high-affinity ('.Mg'-ATPase This demonstration of the high-affinity
component. Thus, in the plasma membrane (Fig. Ca 2*.Mg2-ATPase in mast-cell plasma mem-
2a). FGTA addition decreases the activity of the branes provides a new experimental approach to-
Mg>"-dependent ATPase. However, the Mg2*- the study of the mast-cell degranulation process.
dependent AlPase of the perigranular membrane The high-affinity Ca2 *.Mg2 +-ATPases so far de-
does not show a similar FGTA inhibition (Fig. 2h). scribed function to maintain the low intracellular
The addition of EGUTA to the perigranular Mg2l- Ca2 ' concentrations that are found in resting mast
dependent ATPase has no effect. These results are cells. It is reasonable to hypothesize that inhibition
consistent %kith those shown in Fig. I(h) and of the mast-cell Ca2 +.Mg2 -ATPase would result
indicate the absence of' the high-affinity in the following sequence: Ca 2 + efflux would be
('a .Mg'-ATPase from perigranular mem- blocked. thereby causing an increase in intracell-
branes. The perigranular membranes contain only ular Ca'+, which would lead to histamine release.
the los%-atlinit% AlPase. These data support the Although several pharmacological inhibitors of
histochemical observations by Chakravartv & similar ATPases have been applied to the mast cell

and result in decreased histamine release (Fewtrell
& Gomperts. 1977a.h: Chakravarty, 1980). none
were specific inhibitors of the ATPase. Their

30 effects on the mast-cell Ca 2+,Mg2 '-ATPase are

26 unknown.

22 9Cai L. M .A. N& its supported as a National Research Council
18 - Mg' Associate. This %Aork %Aas supported hy the Armed

18T Forces Radiohaology Research Institute. Defense Nu-
14 - clear Agenc%, under Research Work Unit MI (X)68.

C. Vie s presented in this paper are those of the authors, no
10 endorsement bv the Defense Nuclear AgencN has been

E gisen or should be interred. Research 'Aas conducted
according to the principles enunciated in the 'Guide For

2 (Care and Us~e of taborator% Animals' prepared b% the
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Although some data suggest that macrophages in the reticuloendothelial system (RES) are important
sources of thromboxane A2 (TxA 2) and prostacyclin (PGI 2) during endotoxic shock, we are unaware..
of data documenting the ability of hepatic macrophages (Kupifer cells) to release either TxA2 or PGI,
when exposed to lipopolssaccharide (endotoxin. LPS). In this study. Kupifer cells were examined for
their ability to release prostaglandin E,, (PGE2). TxA,2. and PG12 following stimulation with 0. 1.0.
50.0. and 100.0 Mg/mI of Escherichia coi LPS. Kupifer cells were obtained from rat livers by enzymatic
digestion with 0.0517 collagenase followed by enrichment of the macrophage population on the basis
of differences in densit) and adherence among the various cell populations isolated. Based on several
criteria (phagoc,,tosis of opsonized sheep erythrocytes, positive staining for esterase and peroxidase.:2
failure to replicate). 95(7 of adherent cells were Kupifer cells. After 4 days of incubation, cells were
stimulated with v.arious do-,cs of LPS for 4 and 8 hr. Prostanoid concentrations in culture supernatants
were determined b% radioimmunoassay. Increasing doses of LPS significantly (P < 0.001) increased
the concentration of immunoreactive PGE2 (iPGE 2) and iTxB2 (the stable metabolite of TxA2). The
concentration of i6-keto-PFG1, (stable metabolite of P612) increased following stimulation with 1.0

ug/ml of' LPS. hut declined as the dose of LPS was increased. The results provide evidence that
endotoxin-actisated Kupffer cells. like other macrophage populations, release several metabolites of
arachidonic acid. Kupffer cell-derived prostanoids. particularly TxA 2. may be important mediators of
some of the pathophysiologic manifestations of acute endotoxemia. (c 1985 Academic Prims. lInc.

INTRODUCTION the pathogenesis of endotoxin-induced pul-

Thromboxane (Tx) A, and prostacyclin moayhpresn1816.dsmitd
(P(;il) haxe been implicated as contributing intravascular coagulation [1, 35], hepatocel-

to the pathophysiologic manifestations of en- llrdsucin[,3] n otlt I
dotoic hockH 3. ThombxaneA 2  s a 351. Prostacvclin is a vasodilator [2] and

r-potent vasoconstrictor 129] and inducer of~paee nigrgn 21 hspotni
platelet 1181 and leukocyte [33) aggregation. my otbt odlydhptnint

Thee i evdene tat xApariciate in experimental endotoxic shock [71 and de-%
Ther isevidncetha TxA paticiate in creased systemic vascular resistance in human

sepsis 1311.
t he opinions and assertion-, contained herein are the Seralisofvdncsugtthtm -

pnsate ones of the authors and are not to be construed rpae ihntertcledteilss
as official or reflecting the % iews of the Nay>, Department. rpae ihntertcledteilss
the na% al % erice at large. or the Defense Nuclear Agenc,. tern (RES) are an important source of TxA 2
'I he experiments contained here were conducted accord- and PGI2 in endotoxic shock. First. systemi-

K Ing to the principles set forth in the "Guide for the (Care caliv administered endotoxin is primarily se-
and (Ise oif LahoratorN Animals." Institutes of Laboratori usee yfxdmarpae Kple

Resiouren (Nional823 Suresearch ouncil [dical Rue- cells) within the liver 1261. Second. endotoxin

X search Institute Work I Init Mt8N95.t. W t.)132, and Armed stimulates TxA, and prostacyclin release from
F-orces Radiohiolog Research Institute task 4441l.O()82. cultured peritoneal macrophages [9]. Third.

501 0022-4804/85 $1.50
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stimulation of the RES sensitizes animals to In general, Kupffer cells were cultured in -
the prostaglandin (PG)-releasing effects of medium consisting of minimum essential
endotoxin whereas RES depression has the medium (GIBCO) supplemented with 2%
opposite effect [10]. (w/v) glucose (Fisher Scientific, Fair Lawn.

Although endotoxin stimulates Kupffer N. J.), 15% (v/v) fetal calf serum (FCS),
cells to release PGE 2 [4, !11 and a variety of penicillin (50 U/ml), streptomycin (50 Atg/
other inflammatory mediators and lytic en- ml), and 0.2 mM glutamine (all obtained
zymes [3, 4. II, 23. 241. we are unaware of from GIBCO). The medium employed for
data indicating that Kupffer cells synthesize studies of LPS-stimulated prostanoid release
TxA, or PGI, when challenged with endo- was identical to the above except that FCS
toxin. The purpose of the present study was was deleted.
to determine the effects of the endotoxin The buffer for radioimmunoassay of TxB2

Ewherichia co/i on in vitro TxA,. PG!,. and and 6-keto-PGF, consisted of Trizma-7.0
PGE2 production by rat Kupffer cells. (Sigma)-buffered saline containing 0.1% (w/

v) gelatin (DIFCO), 2 mM MgSO4 and 0.2 a.

MATERIALS AND METHODS mM CaCI.-
Cell isolation and maintenance. Under

Materials. Halothane (Averest Laborato- halothane anesthesia, the liver was exposed
ties. New York. N. Y.), Hanks' balanced salt via a midline laparotomy. The portal vein
solution (HBSS) with (+) and without (-) was cannulated and the liver perfused with
calcium and magnesium salts (GIBCO, approximately 150 ml of warm (37'C) HBSS
Grand Island. N. Y.), collagenase (Millipore (-) until the organ blanched. The liver was
Corp., Freehold. N. J.), trypsin (DIFCO, then perfused with 10 ml of HBSS (+) con-
Detroit, Mich.), E. co/i lipopolysaccharide taining 0.05% (w/v) collagenase, after which
(055:B5- DIFCO). TxB2 and 6-keto-PGF,, the organ was excised, stripped of adherent
(Upjohn. Kalamazoo, Mich.). activated char- tissues, minced into small fragments, and
coal (Sigma. St. Louis. Mo.). Dextran T-70 digested in 0.05% collagenase in HBSS (+) .,-
(Pharmacia Fine Chemicals AB. Upsala. for 60 min at 37"C with continual stirring.
Sweden), and lymphocyte separation medium After filtering through nylon mesh to remove
(LSM. Litton Bionetics. Kensington. Md.) nondigested fragments and washing several
were purchased from the indicated suppliers, times with iced HBSS (-), the resulting cell "'-
Assay kits for PGE 2 , "'Atomlight" scintillation suspension was subjected to LSM density
fluid. [3H]TxB,. and [-H]6-keto-PGF1. were gradient centrifugation (400g for 45 min at
purchased from New England Nuclear (Bos- 40 C). The nonparenchymal cell (NPC) frac-
ton. Mass.). Antibodies against TxB, (stable tion was collected from the interface and
metabolite of TxA.) and 6-keto-PGF1,, (stable washed multiple times using HBSS (-). Vi-
metabolite of prostacyclin) were kindly pro- ability was determined on the basis of trypan
vided by Dr. L. Levine (Boston. Mass.). blue dye exclusion. The cells were suspended
These antibodies demonstrated less than 2' in enriched Kupffer cell culture medium
cross-reactivity with other prostanoids. Assay (1.0-1.5 X 10' cells/ml) and transferred to
kits ("Bio-Rad") for protein determination multiwell tissue culture plates (1.0 ml/well).
were obtained from Bio-Rad Laboratories Cultures were maintained at 37'C in humid-
(Richmond. Calif.). Falcon 24-well plastic ified air containing 5', CO,. Following over-
tissue culture plates were obtained from night incubation, the cultures were washed 1.
Beckton Dickinson Labware (Oxnard. Calif.). briefly once with HBSS (-) containing 0.1"
Male Sprague-Dawley rats (250-300 g) were trypsin (w/v) and followed by multiple washes

purchased from Taconic Farms (German- with HBSS (-) to remove debris and loose
town. N. Y.). or nonadherent cells. The cells were incubated

...................................................... .' .-.. * ~ -* .- .. L, ]
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for 4 days with daily washings and media decanted into scintillation vials containing 5
changes prior to use in studies of prostanoid ml of scintillation fluid and counted for 10
production after endotoxin stimulation. min in a scintillation counter. Concentrations

Cell idenifiication. Adherent cells did not of iPGE 2, iTxB2, and i6-keto PGF I. in sample I.
proliferate during the time course of the unknowns were determined by comparison
study. These cells showed positive staining with a standard curve after log-logit transfor-
for both esterase [221 and peroxidase [19] mation of the data. Samples were always run ,' -

and phagocytized opsonized sheep erythro- in duplicate and the results averaged. Varia-
cytes. In general, greater than 95% of adherent tions between duplicate samples was less
cells met these accepted criteria [19] for than 10%.
identification as Kupffer cells. Statistical analyses, In each experiment,

Endoto.1'in stimulation. After 4 days of each condition (defined by LPS dose and
incubation, the cultured cells were washed incubation time) was run in quadruplicate.
several times with HBBS (-). The cells were All data are expressed as the arithmetic mean
then reincubated for 4 or 8 hr in serum-free ± standard errors. Data for iTxB2 were ob-
medium (1.0 mI/well) containing 0, 1.0, 50.0, tained in two replicate experiments (i.e., eight
or 100.0 ug/ml of LPS. At the end of the entries per data point). Other results were
specified time, the supernatants from each obtained in a single experiment. Data were
well were collected and stored individually analyzed by two-way analysis of variance,
at -60 to -80'C in polypropylene tubes. using a fully randomized design, with endo-
Viability of the cells following LPS stimula- toxin dose and incubation time being the
tion was determined by trypan blue staining, independent sources of variation. Differences
The cells were then washed and stored frozen with P 0.05 were considered significant.
for subsequent protein determination.

Protein determinations. The protein con- RESULTS
tent of the frozen cell monolayer was deter-
mined following three freeze-that cycles using Only 25-30% of the origina. c,opulation
the Bio-Rad microassay technique [6]. added to the cultures remained adherent to

Radioimnunoassa. Immunoreactive the plates after overnight incubation and
PGE, (iPGE,) was determined using the kit washing as determined by cell count7 of .e
supplied by New England Nuclear, according removed nonadherent cells. This is corisi3,ent
to the procedure specified in the package with estimates of the constituent prop.1ion
insert for assays of iPGE2 in urine. The lower of Kupffer cells within the liver's nonpareil-
limit of sensitivity for this assay was 2.5 pg/ chymal cell population [30]. It was not prac-
ml. With slight modifications, the assay for tical to count the total number of adhered
iTxB, and i6-keto-PGF,, was as previously cells within each well nor were we able to
described [141. Briefly, the assay was con- accurately estimate the number from repre- r7
ducted in 12 × 75-mm plastic tubes, contain- sentative fields as the cells generally did iot
ing 100 Ml of tissue culture medium or stan- assume a uniform distribution within the
dard, 100 pl of tritiated antigen dissolved in culture wells. Nonetheless, calculated esti-
assay buffer, 100 pl of appropriately diluted mates based on the original number of cells
antibody in assay buffer, and 3(X) p1 of assay incubated would suggest that each well con-
buffer. Standards were prepared in assay tained 105 cells. Protein content of the indi- -
buffer. After overnight incubation at 4°( "  vidual wells varied from 3 to 5 pug/well.
bound antigen was separated from free by suggesting minor variation in the number of
centrifugation after the addition of 900 p l of adherent cells present among the wells. Vari-
assay buffer containing (0.03'; (w/%) dextran ation in protein content did not correlate
and 0.3', (w/v) charcoal. Supernatants were with variation in prostanoid production.

- . .' '. ~ . .. ~ ~- - . - - .b
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* Viability was greater than 95% for freshly10
isolated Kupifer cells as well as those incu-T
bated for 4 days in the macrophage medium.
Exposure of the cells for 4 to 8 hr to the 80
highest concentration of LPS used in the
study (100 pg/mI) decreased viability to 80-
85%. Lower LPS concentrations did not affectII
viability. =60

The concentrations of iTxB2, iPGE2, and _2%

i6-keto-PGFI, detected in the supernatants
of Kupffer cells cultures are depicted in Figs. ~ 40 I
1. 2, and 3. respectively. Supernatants from
unstimulated cultures contained detectable
levels of all three prostanoids. Lipopolysac-
charide affected production of iTxB2 , iPGE2 , 20
and i6-keto-PGF1 ,,. Depending on the pros-
tanoid. there were marked differences in the
effects of increasing LPS dose and duration 0

*of incubation on measured prostanoid con- 4 8

centrations. Duration of Exposure to LPS

Resting Kupffer cells released 55.2 ± 6.6 hs

* an 72. ± .9 p/mIof iXB 2 intothe Fic. 2. Concentration of iPGE, in supernatants from
LPS-stimulated Kupifer cells. Each point represents the

media at 4 and 8 hr. respectively (Fig. 1). In mean ± SE of four separate measurements (one experi-
* the presence of I Ag/mi LPS. the detectable menit). al 100 pug LPS;0, 50 mg LPS: 0. 1 pg LPS: A.

concentration of iTxB, was essentially un- 0 pg LPS.

320 -r changed from control for both time periods.

280 However, in the presence of 50 pg/mI [PS.
188.5 ± 38.7 pg/mI at 4 hr and 232.8 ± 70

240 pg/mi at 8 hr were detected in the superna-
tants. Stimulated macrophages released 235.2

200 ±36.6 pg/mI and 256.0 ± 52.5 pg/mi at 4
and 8 hr. respectively, when incubated with
100 pg/mI LPS. Thus, dose of LPS (F(3,88)

120 = 25.38: P) < 0.001) but not incubation time
W0.88) = 1.01) significantly affected TxA2

80 -production.

The concentration of iPGF-. also increased
40J as a function of increasing LPS concentration

(P03.40) = 85.91: P < 0.001) (Fig. 2). At 8
4 8 hr a similar rise was noted in the presence

D ... al of Ei'r wo PS of similarly increasing doses of LPS. The
I 'rSIetkect of incubation time %%as also significant

I i(,. I. Concntration oif 1 1 6 R in supernatlants from (Ft1.40) -34.08: P' < 0.001).
I P-giulitc Kptfr clklac pintrcpcwf~ hc When stimulated with the lowest concen-

*mean -Sl oit eight separate measurements obtained
from t%%ti cqwnrment% . INt ,A I I'S. 0. 50 mg I I'S. tration of' IPS ( I mg/mI). Kuptkir cell pro-

I pg I I'S. A. t ,;q I I's duction of i6-keto-lPGI:, rose from 79.2

. . .. . . . . . . . . .
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± 18.2 pg/ml for nonstimulated cells to 156.0 TABLE I

± 1.8 pg/ml (4 hr, and 81.2 ± 13.6 pg/ml to RATIO OF MEAN i6-KETO-PGFo:iTxB, IN

147.5 ± 13.7 pg/ml (8 hr) (Fig. 3). However, SUPERNATANTS FROM LPS-STIMLIATFID

unlike iTxB2 and iPGE 2, with 50 ug/mi of KUPFFER CELLS

LPS, the concentration of i6-keto-PGF, de-Duaino
creased. This decline was further pronounced purto Lf -p *exposure to LPS ,).

. in the presence of 100 ug/ml LPS. The dose Concentration (hr)

effect was significant (F(3,40) = 10.18, P of LPS

< 0.001) the effect of incubation time was (pg/ml) 4 8

not (F(1.40) = 0.22).
Table I presents. as a function of LPS 0 1.4 2.81 2.8 2.8 '5o

concentration, the ratio of mean i6-keto 50 0.7 0.5

PGFj, concentration to mean iTxB, concen- I(X) 0.2 0.2
tration. The addition of I ug/ml of LPS
resulted in this ratio increasing from baseline ,
values of 1.4 (4-hr cultures) and 1. 1 (8-hr DISCUSSION
cultures) to 2.8 (both 4- and 8-hr cultures).
Adding increasingly larger doses of LPS, Hepatic dysfunction, ranging from mild
however, caused the ratio to progressively hyperbilirubunemia and serum transaminase
and significantly (F(3,3) = 232.4. P < 0.001) elevations to overt organ failure, occurs in
decline to 0.2 at the highest LPS concentra- septic patients [5]. The mechanisms under-
tion tested (100 pg/ml). lying this phenomenon are incompletely un-

derstood, although it is likely that endotoxins
derived from gram-negative bacteria are in-

80 - volved [21,30]. Intravenously administered
60 endotoxin localizes within the liver, being I>

160 - T cleared from the circulation by Kupffer cells

140 - lining the sinusoids [26,30]. In the presence
of endotoxin hepatocellular dysfunction oc-

120 - curs including altered carbohydrate. fat,
,E and protein metabolism [21]. Although he-

100 - patocytes have receptors for endotoxins
T [30]. high-resolution audioradiographic stud-

80 ies have failed to demonstrate the ability of
0 othese cells to internalize endotoxin [26]. Thus.

it is not clear whether endotoxin is capable

40 of causing direct toxicity to hepatocytes. On
the other hand, there is convincing evidence

20 that endotoxemia triggers an inflammatory
response within the liver characterized by'

0 Kupffer cell activation, platelet aggregation.
4 8 fibrin deposition. intravascular thrombosis.

D'-atoo o.. E, poo ,e ,o LPS and polymorphonuclear leukocyte infiltration
1h~s)

[21]. This inflammatory response may cause
F I(.. 3. ('oncentration of i6-keto-PGF ,, in supernatants injury to hepatocytes, either because of rela-

from I PS-slimulated Kupifer cells. Each point represents
the mean 4 SI of four separate measurements (one
experiment). [. IMn mg IPS: 0. 50 mg [PS: . ug thrombosis or because of extracellular release

LNs: A. O Mg IPs. of potent inflammator) mediators by acti-
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vated Kupffer cells [3. 4. 23-25] and/or Inhibition of prostacyclin synthetase by
infiltrating leukocytes [34]. cyclo-oxygenase-derived products may ex-

It is well established that peritoneal mac- plain why increasing doses of LPS decreasedp
rophages synthesize a variety of arachidonic PG12 production. Fatty acid hydroperoxides
acid (AA) metabolites when stimulated with inhibit prostacyclin synthetase [17. 32]. Such
LPS 19, 10, 20]. Production of PGE, by species are produced following the oxidation
endotoxin-stimulated hepatic macrophages of AA [12]. Increased mobilization of AA
(Kupffer cells) in vitro has been reported triggered by LPS may lead to inactivation of C,

previously [4, I1]. In the present study, we prostacyclin synthetase and shunting of in-
have confirmed this observation and, in ad- termediates into PGE, and/or TxA2 synthesis.
dition, have shown that (1) high LPS concen- In support of this, selective thromboxane
trations (50 and 100 ug/mi) trigger the release synthetase inhibitors have been shown to
of TxA,, and (2) whereas PGI, synthesis is increase the production of 6-keto-PGF,,, in
increased by a low LPS dose (I ug/ml), human peritoneal macrophages [15].
higher doses of LPS result in less detect- We used doses of LPS that are high relative
able PGI,. to presumed circulating concentrations of

Thromboxane A2 induces vasoconstriction endotoxin in septic patients. Endotoxins.
(hence low flow) and platelet aggregation [18. however, are highly concentrated within the
291. Within the liver. endotoxin-induced ve- liver [26]. In rabbits, following an intravenous
nous stasis and platelet aggregation may de- infusion of 250 ug of '251-LPS. as much as
rive from TxA, released by activated Kupffer 40-50' of the infused dose is detectable in
cells. The procoagulant activity (PCA) of the liver within 5 min [26]. This corresponds
Kupffer cells is stimulated by endotoxin in a to a tissue concentration ranging from 0.7 to
dose-response relationship similar to that 2.0 ug/g of liver tissue. Within the liver, it is
observed for LPS-stimulated TxA, release the Kupffer cell which accumulates endo-
[23. 25]. This PCA peaks within 6-8 hr toxin. Therefore. the concentration of endo-
following exposure to LPS [25], a time course toxin per gram of macrophage tissue, a small
during which increased amounts of iTxB, component of the total liver mass, would
were present in our Kupffer cell cultures (Fig. accordingly be much higher. In rats, a 250- ,

I). Thus. LPS-activated Kupffer cells release ug dose of LPS is a small dose. In our "' "'
two agents which can promote the intrahe- laboratory. 15 mg/kg is an LD,0 dose. Thus.
patic intravascular thrombosis associated with in a 0.3-kg rat, 4.5 mg of LPS would result
endotoxins. Additionally. TxA, causes leu- in a liver concentration of 2.25 mg/g liver
kocyte aggregation [33]. Thus. Kupffer cell- tissue (assuming 50'7, uptake by a 10-g liver).
derived TxA, may also contribute to the Endotoxin is toxic to Kupffer cells. Fol-
accumulation of inflammatory cells within lowing the infusion of endotoxin into mice.
the liver during endotoxemia. swelling of Kupffer cells occurs within a short

Changes in Kupffer cell production of period of time [21]. In culture, exposure to
PGI2 are more sensitive to 1.PS concentra- endotoxin causes Kupffer cells to become
tions than TxA,. A dose which had no vacuolated, rounded, and to leak various
discernable effect on TxA, svnthesis (I ug/ intracellular enzymes [24]. Our present ob-
ml) augmented PGI, release into the media. servations substantiate the toxicity of endo-
The physiologic properties of PGI, antagonize toxin for Kupffer cells, but only at the highest
those of TxA, and therefore. PGI2 released dose (100 mg/ml) of LPS employed. In gen- .
by low concentrations of LPS may minimize eral. our data agree with previous reports [4.
the effects of basal TxA, production. Con- 24]. ilthough the toxicity observed in our
ceivably. PGI2 might also antagonize the study was not as severe, probably reflecting
thrombotic effects of PCA stimulated by low relatively shorter incubation times.
LPS concentrations [25]. In summary, we showed that endotoxin
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stimulates cultured rat Kupffer cells to pro- 10. Cook. J1. A., Halushka. P. V.. and Wise. W. C. *.j

duceIxA, PG2, ad PE 2. oseand ime Modulation or macrophage arachidonic acid metab-
effets ppeaed o beuniue fr ech pos- olism: Potential role in the susceptibility of rats to
effets pperedto e uiqu fo eah pos- endotoxic shock. Cir. Shok 9: 605. 1982.

tanoid. Whether Kuptfer cell-derived pros- II. Decker. K.. Birmelin. M., Bhatnagar, R., and Rieder.
tanoids are important in the pathophysiology H. The role of Ca- and prostaglandin in the

of experimental endotoxic shock or clinical response of rat Kupifer cells to external stimuli. In

sepsis remains to be established. Unpublished D. L. Knock and E. Wisse (Eds.). Sinutsoidal Liver
obsevatons romour aboator an reslts Cells. Amsterdam/New York: Elsevier. 1982. Pp.
obsevatonsfro ou laoraoryandreslts 361-368.

reported by other [ 1, 101, however, suggest t2. Egan. R. W., Paxton. J.. and Kuehl. F. A. Mechanism kN
that this may indeed be the case. Nonetheless, for irreversible self-deactivation of prostaglandin
the data presented here substantiate that LPS- synthetase. J. Biol. (hem. 251: 7329. 1976. .- *

actvatd upier els rlese A mtaolies 13. Fink. M. P. The role of prostaglandins and related
whic hae popetie tha ca prfoudly compounds in the pathophysiology of endlotoxic and

- septic shock. Semnin. Respir, Ved-. in press.
alter the microenvironment of the liver. 14. Fink. M. P.. MacVittie. T. J., and Casey, L. C.

Inhibition of prostaglandin synthesis restores normal
hemodynamics in canine hyperdynamie sepsis. Ann.
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Antihistamines Block Radiation-Induced Increased Intestinal Blood Flow in Canines. COCK-
ERHAM, L. G., DOYLE, T. F., DONLON. M. A., AND GOSSETT-HAGERMAN, C. J. (1985).

Fundam. Appl. Toxicol. 5, 597-604. Radiation-induced systemic hypotension is accompanied
by increased intestinal blood flow (IBF) and an increased hematocrit (HCT) in dogs. Histamine
infusion leads to increased IBF and intestinal edema with consequent secretion of fluid into
the intestinal lumen. This study was performed to determine whether these effects could be
diminished by prior administration of H, and H2 histamine blockers. Dogs were given an iv
infusion of mepyramine (0.5 mg/min) and cimetidine (0.25 mg/min) for I hr before and for I
hr after radiation (HI and H 2 blockers, respectively). Mean systemic arterial blood pressure
(MBP), IBF, and HCT were monitored for 2 hr. Systemic plasma histamine levels were
determined simultaneously. Data obtained indicated that the H, and H2 blockers, given
simultaneously, were successful in blocking the increased iBF and the increased HCT seen
after 100 Gy. whole-body, -y radiation. However, the postradiation hypotension was only
somewhat affected, with the MBP falling to a level 28% below the preradiation level. Plasma
histamine levels reached a sharp peak, as much as 20% above baseline, at 4 min postradiation.
These findings implicate histamine in the radiation-induced increase in IBF and HCT but not
for the gradual decrease in postradiation blood pressure.

Supralethal exposure to ionizing radiation (Shehadeh el al., 1969: Lee and Silverberg,
such as y photons results in postradiation 1976; Granger et al., 1980; Meiners et at.,
hypotension, increased intestinal blood flow, 1982) and rats (Timmermans and Gerber,
and increased hematocrits in canine subjects 1980). Infusion of histamine into the small
(Cockerham et al., 1984a). Studies have re- intestine not only causes an increase in in-
ported elevations of circulating blood hista- testinal blood flow but also produces a copi-
mine in humans undergoing radiation therapy ous secretion of fluid following edema (Lee
(Lasser and Stenstrom, 1954), decreases in and Silverberg, 1976). This loss of fluid from
tissue histamine levels in rats (Eisen and the blood would result in the observed in-
Wilson, 1957), and increases in canine plasma creased hematocrit and contribute to postra-
histamine levels (Cockerham et al.. 1984b) diation hypotension.
following radiation. Histamine has been re- Histamine is stored in mast cells through-
ported to cause intestinal vasodilation and out the body (Metcalfe et al., 1981) and is
increased gastrointestinal blood flow in dogs released under the stimulus of ionizing radia-

" tion (Doyle and Strike, 1977; Alter et al.,
'Supported by Armed Forces Radiobiology Research 1983) and may be implicated in radiation-

Institute. Defense Nuclear Agency, under Research Work induced hypotension accompanied by in-
Unit Mi 00081. The views presented in this paper are
those of the authors. No endorsement by the Defense creased intestinal blood flow and increased
Nuclear Agency has been given or should be inferred. hematocrits in dogs. This study was designed
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to determine whether these radiation-induced nations, while a systemic venous catheter was used to

effects could be mitigated by preradiation administer the antihistamines, physiological saline, and
of antihistamines. Since, in maintenance doses of anesthetic. The blood pressure was

measured using a Statham P23 Db pressure transducer. p
the dog. both endogenously released and For this experiment, the abdominal incision followed,.!.....

exogenous histamine exert both peripheral the linea alba from the umbilicus caudally to the pubic

and cardiac effects by activation of both H, area. The incision was made with an electrocautery

and H 2 receptors (Dobbins et al.. 198 1: Powell apparatus, additionally suturing any large bleeding vessels %

and Brody. 1976; Reinhardt et al.. 1980). the after clamping with hemostats. Once the midline incision
was complete, a catheter was inserted into the hepatic

H, and H 2 histamine blockers mepyramine portal vein via a splenic vein to obtain blood samples

and cimetidine were selected to be given in for plasma histamine determinations.
combination. A section of the small intestine approximately 15 cm

from the ileocecal junction was withdrawn from the
abdomen for the insertion of four blood flow measuring

MATERIALS AND METHODS electrodes (Teflon-coated wire. 90% platinum. 1017, irid-

ium. of 0.178-mm diameter, with a 3-mm uncoated tip)
Eighteen male beagles (Hatelton Research Animals. into the submucosa approximately 2 cm apart. After the

Cumberland. Va.). 12 to 15 months old and weighing electrodes were placed in the submucosa of the ileum
between 7.3 and 16.0 kg. were used in this study. After and sewn in place with cotton sutures, they were con-
a physical examination performed by the staff veterinar- nected to the hydrogen polarographic amplifier. The
ians of the Armed Forces Radiobiology Research Institute. instrumented intestine was then returned to the peritoneal
and 2 weeks of quarantine, the animals were divided cavity and the abdominal wall sutured or clamped. A
randomly into three groups of six animals each. Food stainless-steel reference electrode was placed in nearby
was withheld from all dogs overnight befbre the experi- tissue.
ment. but water was available ah libitutn Research was Intestinal submucosal blood flow was measured by
conducted according to the principles enunciated in the the hydrogen clearance technique for 60 min before
uide fir the (ar, and LSe o l.ahoraiorr .An,,naA radiation or sham radiation and for 60 min after (Aukland

prepared by the Institute of Laboratory Animal Resources. et al.. 1964: Young. 1980). This technique is essentially
National Research Council. an amperometric method, which measures the current

Sixt), minutes before radiation, six of the subjects were induced in a platinum electrode by the reduction of
started on an i% infusion of physiological saline containing hydrogen. The current produced has a linear relationship
mepyramine (0.5 mg/min) (Douglas. 1975: Powell and with the concentration of hydrogen in the tissue (Hyman.
Brody. 1976) and cimetidine (0.25 mg/min) (Dobbins el 1961). Hydrogen was introduced into the blood via t.-

al. 1981) to block the effects of histamine. This infusion inhalation through the endotrachael tube at a rate of
continued until 60 min after radiation. Another group approximately 5% of the normal respiratory rate for I
of six animals was given a saline only. i% infusion for 60 to 2 min for each flow measurement. Blood flow was
min before and 60 min after radiation. The third, or measured by each of the four electrodes approximately
control group of six subjects was also given saline for ever 5 min. The electrodes were maintained electrically
the 2 hr time but were only sham-radiated. at +600 mV with respect to the reference electrode to

Approximately 3 hr before radiation or simulated reduce possible oxygen and ascorbate interference. Four
radiation, the animals were weighed and a foreleg was recording electrodes were used to compensate for transient
shaved to facilitate administration of anesthetic by iv regional variations due to intestinal contractions.
administration of 30 mg/kg sodium pentobarbital (Nem- Measurements of currents from each electrode were
butal). Each dog was intubated with a cuffed endotracheal fed through the polarographic amplifier and then to a
tube and respired using a forced volume respirator to recorder. which produced curves depicting the clearance
maintain a stable blood pH and oxygen tension. After of hydrogen from the tissues. The clearance curves were
insertion of the endotracheal tube. each dog was placed then analyzed by a PDP 11/70 computer equipped with
in a supine position on a circulating water blanket to a VT55 terminal and a versatex plotter (Digital Equip-
maintain bodk temperature. The water blanket and the ment Corp.. Maynard. Mass.). The computer operates
dog were positioned in a wooden 'V" tray to maintain in either real time or off line mode. using a FORTRAN
the animal in a steady supine position. With the animals IV-plus program written by AFRRI's Computer Science
in this position, a rectal probe was inserted to monitor Department. The first 60 sec after the peak ofthe curves
body temperature. A femoral arterial catheter was used was neglected to obviate contamination by arterial recir-
to measure blood pressure. blood gas. and hematocrit culation (Martins et al.. 1974). Data points were measured
and to withdraw blood for plasma histamine determi- even'. second for 90 sec. The flow was calculated between

.-.
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" every two points and a linear regression performed over the preradiation data for the radiated and sham-radiated
the 90-sec period. Measurements from the four electrodes animals were combined and used as a base line.
were then averaged to compensate for transient regional
variations.

4' After 60 min of recording, the animals were discon- RESULTS

nected from the respirator and recording apparatus to
facilitate radiation. After radiation, or sham radiation To keep variables to a minimum, blood
for controls, the animals were immediately reconnected gases and blood pH were maintained at
to the respirator and recording apparatus, and measure- preradiation levels by regulation of the vol-
ments were continued for a minimum of 60 min. ume and rate of the respirator. Temperature
Approximately 10, 30, and 60 min pre- and postradiation, was maintained at the preradiation level by
a blood sample was taken via the arterial catheter to
determine pH and oxygen tension. Simultaneously, with using a circulating water blanket.
blood gas determinations, hematocrit and temperature Intestinal blood flow (IBF) in the untreated,
measurements were determined. At 60, 30. and 10 min radiated group increased 100% within 10 min
preradiation or sham radiation and at 2, 4, 6, 30, and postradiation and then decreased to 24%
60 min postradiation or sham radiation a blood sample
was taken via both the arterial catheter and the hepatic above baseline level by 60 mi postradiation
portal vein to determine plasma histamine levels. After (Fig. 1). A statistically significant difference
termination of the measurements, the electrodes were (p < 0.05) exists between this group and the
examined for verification of placement in the submucosa antihistamine-treated group for the first 20
and then removed. The animals were then euthanized min postradiation. When compared to the
with an iv injection of saturated MgSO4 . sham-radiated or control group, the signifi-

Blood samples for plasma histamine determinations
were drawn from the arterial and venous catheters with cant difference lasted until 30 min postradia-
plastic syringes and transferred to prelabelled, chilled tion. However, there was no significant dif-
collection tubes containing EDTA. The tubes were in- ference between the antihistamine-treated
verted gently and stored on ice until the termination of group and the control, sham-radiated group.
the experiment. The blood was then centrifuged (5°C) Hemato,.tits (HCT) of the sham-radiated
and the plasma transferred to polypropylene tubes, rapidly
frozen, and maintained at -80°C until analyzed. Plasma and untreated, radiated animals exhibited a
histamine content was determined after treatment with significant difference at the 95% level of
0.4 N perchloric acid (final concentration). The treated confidence at all three postradiation times of
samples were centrifuged for 45 min (50C) in an Eppen- measurement (Fig. 2). The mean HCT noted 6

dorf microfuge and the supernatant analyzed for hista- for the untreated, radiated group was 8.5%
mine content using the Technicon 11 automated fluoro- fte u
metric technique developed by Siraganian (Siraganian. higher than that for the control group at the
1974, 1976). 10-min postradiation measurement. By 60

Radiation was accomplished with a bilateral, whole- min postradiation the difference had increased
body. exposure to -- ray photons from a cobalt-60 source even more, with the untreated, radiated group
located at AFRRI. Exposure was limited to a mean of now showing a HCT 14.5% higher than the
1.44 min at 73 Gy/min steady state, free-in-air. Dose
rate measurements at depth were made with a tissue

equivalent ionization chamber placed in a tube running mals pretreated with antihistamines was sig-

along the midline of a beagle phantom. The measured nificantly different from the untreated. ra-
midline intestinal dose rate was 66 Gy/min. producing diated animals at the 10-min measurement
a calculated total dose of 100 Gy. only and was not significantly different from um

Blood pressure and blood flow data were grouped into the control animals at any of the three mea-
10-min intervals, measured in relation to midtime of surements.
radiation, and plotted at the middle of the interval. The Postradiation mean arterial blood pressure
Wilcoxon rank sum test was used to analyze statistically

(MAP) for the control animals. after an initial
the blood pressure, blood flow, hematocrit, and histamine .•. -h
data. A 95 , level of confidence was employed to deter-

mine significance. Since the preradiation data lbr the of the experiment (Fig. 3). However, within
control and test animals showed no significant difference, 10 min postradiation, the untreated, radiated

- ,-:..:..
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FIG. I. Percentage change in postradiation intestinal blood flow (±SE) compared to a preradiation
mean of 30.94 ± 2.79 ml/g of tissue/min. Animals in the first group were given physiological saline for
60 min before and after sham radiation. The second group also received saline but were exposed to 100
Gy -y radiation. The third group was also exposed to 100 Gy y radiation but received saline containing
antihistamines both before and after radiation.

animals showed an initial increase followed examined statistically, a significant difference
by a steady, rapid decrease in MAP. The is noted between the two groups, beginning
drop in pressure reached its lowest point at at 40 min postradiation. The MAP of the
60 min postradiation, a level 47% below the pretreated, radiated group did not display the
preradiation baseline. When the data are

t I I I i i 1. n,, .g

tin - 11656 481 -H9

.. . ---. - ..---. - - ---

- 4717.077 . adrnr-

I - ------

I II 3.3.46 N U .Tom Posft.44.. *, Sha. Re"**h. MIPwlw

X m P~tnt7ra616t l FIK. 3. Percentage change in postradiation mean arterial

FIG. 2. Percentage change in postradiation hematocrit blood pressure (±SE) compared to a preradiation mean
(±SE) compared to a preradiation mean of 42.17 ± 0.77. of 116.56 ± 4.81 mm Hg. Animals in the first group
Animals in the first group were given physiological saline were given physiological saline for 60 min before and
for 60 min before and after sham radiation. The second after sham radiation. The second group also received

group also received saline but were exposed to I00 G,, saline but were exposed to 100 Gy -y radiation. The .'-

I radiation. The third group was alo exposed to 100 Gv third group was also exposed to 100 Gy -' radiation but ,-
y radiation but received saline containing antihistamines received saline containing antihistamines both before

both before and after radiation. and after radiation.
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initial increase seen with the untreated. ra- plasma histamine level in the untreated, ra-

diated group, nor did it show the rapid diated animals at this point reached a peak
decrease seen with the latter group. In addi- that was 20.4% above the baseline level. The
tion, the pretreated. radiated group reached antihistamine-pretreated, radiated group dis-
a low MAP level of 28% below the baseline played a plasma histamine level that climbed
level at 60 min postradiation. However, the to over 19% above baseline at the 60-min
only significant difference seen between the measurement, the only point that showed a
pretreated, radiated group and the other two significant difference from the other groups.
group was at the 50-min postradiation point
when it was statistically different from the DISCUSSION
untreated, radiated group.

When the aortic plasma histamine levels Radiation-induced hypotension accompa-
from the three groups were compared, no nied by increased intestinal blood flow and
significant differences were seen at the 95% hematocrit has been reported previously in
level of confidence (Fig. 4). However, if Fig. the beagle (Cockerham et al.. 1984a) and is
4 is examined closely at the 4-min postradia- repeated in this experiment. In addition, this
tion time. a peak in aortic histamine levels experiment demonstrated changes in these
may be seen in both radiated groups but not physiological parameters in animals treated
in the control group. with antihistamines both before and after

At the 95% level of confidence, the only supralethal radiation exposure. This study
point at which there was a significant differ- also shows postradiation variations of hista-
ence between the hepatic portal vein hista- mine levels in animals treated with antihis-
mine levels of the untreated, radiated group tamines.
and the control group was at the 4-mmn Lasser and Stenstrom (1954) showed a
postradiation measurement (Fig. 5). The 33% increase in blood histamine levels in

*30 I I I
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FK(i. 4. Percentage change in postradiation aortic plasma histamine concentration (±SE) compared to
a preradiation mean of 5.18 ± 0.3 ng/ml. Animals in the first group were given physiological saline for
60 min before and after sham radiation. The second group also recei-ed saline hut were exposed to l00
Gy - radiation. The third group was also exposed to 10 Qy ' radiation but received saline containing
antihistamines both before and after radiation.
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FIG. 5. Percentage change in postradiation hepatic portal vein histamine concentration (±SE) compared -,

to a preradiation mean of 5.34 ± 0.22 ng/ml. Animals in the first group were given physiological saline
for 60 min before and after sham radiation. The second group also received saline but were exposed to
100 Gy -y radiation. The third group was also exposed to 100 Gy 'Y radiation but received saline
containing antihistamines both before and after radiation.

patients undergoing deep radiation therapy keys pretreated with the histamine receptor
while Doyle and Strike (1977) showed a antagonists diphenhydramine and cimetidine
100% :,crease in plasma histamine levels in did not show the immediate decrease in
monkeys exposed to 40 Gy of mixed neutron- blood pressure seen in untreated monkeys,
-v radiation. In contrast, one group of inves- with the pressure experiencing a gradual de-
tigators (Alter ei al., 1983) reported over a cline which temporally coincided with the
2000% increase in plasma histamine-like ac- subsequent hypotensive response of untreated
tivity in monkeys exposed to 40 Gy of -y monkeys. The initial hypertension seen in
radiation. The postradiation histamine levels this canine experiment is abolished by anti-
found in this experiment do not corroborate histamine pretreatment, resulting in a hypo-
these results reported on subhuman primates tensive response resembling that seen in the
even though the peak levels with primates antihistamine-treated monkeys. However. the
and canines did occur within the first 5 min hypotensive response in pretreated canines
postradiation. These differences could be at- was only half as great as in untreated canines.
tributed to species variations since other ra- The results of this experiment support the
diation effects have been reported to be spe- hypothesis that histamine, in dogs. is respon-
cies specific (Chaput et al.. 1972: Miletich sible for the immediate increase in systemic
and Strike, 1970: Pitchford. 1968). blood pressure and only partially involved in

The postradiation hypotension found in the subsequent hypotensive response as con-
this experiment and in a previous report trasted to the monkey where it seems to be
(Cockerham el al., 1984a) was different from involved in only the immediate hypotensive
that reported in primates (Alter et al., 1983). response.
The primate report showed a 5/( decrease The significant differences seen in hema-
in blood pregsure within 2 min postradiation, tocrits further suggests the involvement of
followed by a partial recovery and a subse- histamine in postradiation effects since Lee
quent. gradual hypotensive response. Mon- and Silverberg (1976) have shown that infu-
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Pre-irradiation administration of the radioprotectant drug WR-2721 to rats
resulted in a significant reduction in radiation-induced increases in excretion
rate, ,,t prostaglandins (P(; and PG F,) and thromboxane (''xB2 ). In animals
not irradiated, WR-2721 did not significantly alter these excretion rates. Dramat-
it rt(tions in the levels of urinary P(;E and ''xB 2 %ere observed follo%%ing
exposure to 9"0(;v of whole-body, unilateral -,-radiation in WR-2721-treated
animals, whereas changes in PGF 2, levels were less pronounced. Radiation-
induced diuresis was also significantly depressed in animals given WR-2721
before irradiation. Reduced prostaglandin excretion rates may reflect the general
radioprotective capacity of the chemoprotector WR-2721 on the release of
prostaglandins from radiation-damaged tissue. The decrease in diuresis may be
related to the observed prostaglandin decreases.

Indexing terms: prostaglandins, WR-2721, radioprotection.

1. Introduction

Exposure to ionizing radiation can initiate the production and/or release of
potent biochemicals within specific organs, tissues or cell types, resulting in a wide
range of harmful effects (Altman et al. 1970). One such class of biologically active

agents is the prostaglandins. The biosynthesis of prostaglandins from their fatty acid
precursors, arachidonic acid and dihomo-7-linoleic acid, can be stimulated by either
specific cell surface membrane receptors or non-specific cell injury. In experimental
animals, ionizing radiation has been shown to produce changes in the levels of ,.3:

prostaglandins in a variety of tissues. Significant increases in PGE, PGF 2, and
l', I, Ilecls %% crc n)hsvr ed %%ithin 1 .3 h in guinea pig lung tissue following, 3"0(;v "'""'"

%hole-hody 7--radiation (Steel and Catravas 1982). Transient increases wvere re-
ported in rat liver and spleen at 3-61h after exposure to 10.0Gy -,-radiation (Trocha
and Catravas 1980). Significant increases in PGI 2 formation in the irradiated rabbit
abdominal aorta have also been reported (Sinzinger et al. 1982). Mouse liver and
spleen were similarly affected following exposure to 9.0Gy -,-radiation (Pyranish-
nikova et al. 1978). Eisen and Walker (1976) demonstrated prostaglandin changes in
the lung and spleen of X-irradiated (7.0 Cy) mice. These data strongly suggest
significant early alterations in prostaglandin levels resulting from exposure to
moderate doses of radiation. Vhile the precise role of prostaglandins in the biological
response to ionizing radiation has not been fully explained, these changes may be
related to subsequent pathophysiological responses (Mennie et al. 1975).

............... "... .... ".... ......... . .
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VariOus chemicals have been explored as protectants against the harmful action
of ionizing radiation. Chemical radioprotection of normal tissues was first demon-
stratcd with c\steine as a sulphydrvl donor in rats and mice (Patt et at. 1949). Since
then, a scries of radilprotectants, analogues of cvsteamine, have been synthesized.
Of these drugs, WR-2721 has emerged as one of the most effective (Yuhas and
Phillips 1983). VR-2721 is an organic thiophosphate [S-2-(3-aminopropvlamino)-
ethyl phosphorothioic acid] that in irradiated mice improves bone marrow tolerance
by a factor of 1-3 3-0 (Denekamp et al. 1983), lung and kidney tolerance by 13, and
skin clone tolerance by 2-2 (I)enekamp et al. 1982). In addition, since this
radioprotectant drug is more readily absorbed by normal tissues than by solid
tumour cells (Washbrun et at. 1974), under certain circumstances WR-2721 may
provide selctive protection of normal human tissues against the toxicity of radiation
therapy. Although the precise mechanism of action of this drug has not yet been
defined in vivo, a protective mechanism proposed by Eldjarn et al. (1956) is related to
the protection by \VR-2721 of cellular proteins from radiation-induced free radicals
produced in the tissues.

It has been prc\ iously reported that whole-body irradiation results in elevations
in urinary levels of PI; F ,, P(;IF and l'xB, ()onlon et ai. 1983) and PGI
(SchericIdkraut et a/. 19S3). This suggests the potential use of these eicosanoids as
indicators of radiation damage. In this study, we have examined the prostaglandin
and thromboxane excretion rates in rat urine following 10 and 9.0 Gv whole-body,
unilateral ,-radiation with and without the prior administration of WR-2721 in
order to assess the efficacv of WVR-2721 in eliminating radiation-induced increases in
excretion rates.

2. Materials and methods
.Male Sprague Dawlev rats (Taconic Farms Inc., Germantown \ID) wvere

maintained in individual lhcite metabolic cages for a period of 7 days in order to ac-
clitnatize them to their ne\ en\ironment before initiating urine collection. The animals X

\were fed once daily with a standard rat diet (Wayne Lab Blox, Continental Grain
Co., Chicago 11.) prepared in the form of hydrated food balls (20-3(0 g wet weight)
and were allowed water ad libitum. Twenty-four hours before the first urine
collection, a preservative of 50pl of 10 N HCI was added to the collection vessel. The
urine was collected at 24 h intervals and the volume recorded for 3 days (-48 h,

24 h and 0 h) before radiation exposure. The collection intervals represented are
72 h to -48 h, -48h to - 24h and - 24h to0h. The third control sample (-24h

to 1) \\ s takcn just hctirc irradiatimn thus the zero time point represents both the
endpoint of the coillection interval and the time of irradiation. Immediately after
collection, 475 11 aliquots of urine were added to 25jpl perchloric acid (WCA) (final
concentration 0.04 P ICA), mixed immediately and stored at -90 C for subsequent
analysis. All urine samples, pre- and post-irradiation, were treated in an identical
manner.

'he drtg-treated animals received WR-2721 (200mg kg) intraperitoneallv,
20 30 nin before irradiation. This dose represents two-thirds of the toxic l+I)s in
rats. 'hie drug (NSC 296961-R) received from the National Cancer Institute (Drug
Synthesis and Chemistry Branch, )ivision of Cancer Treatment) wvas dissolved as
I N00 nig nil of I lanks' Balanced Salt Solution, pi1 72, immediately before injection.
Control animals receive d I links' solution 011V.

C.-. -
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On the day of irradiation, both drug-treated and non-treated animals were placed
in individual lucite boxes and wvere unilaterally irradiated in groups of 10 with 10 or
9-) (Gv of -,-radiation derived from a Theratron 80 6 0 Co source (117 and 1-33 MeV eM

gamma). The dose rate was 0"402-0"410 Gy /min with a tissue/air ratio of 0"89 and a
target distance of 112- 115cm. A wax phantom with an ion chamber placed at
midline was used to determine absorbed dose.

Following irradiation, the animals were returned to the metabolic cages and the
amount of HC! added to the collection vessel was varied from 5 to 50Pl to
compensate for the expected changes in urine volume depending on the collection
time interval. (Prior experience in this laboratory with radiation-induced increases
in volume allowed for a reasonable estimate of post-irradiation urine volume.) Post-
irradiation collections were made and urine volume measured at the end of the
following time intervals: 0 -1 h, 1 3 h and 3-6 h for animals that received 1.0 Gy-
exposure, 0-6h and 6-12h for those that received 9-0Gy and thereafter at 12h
intervals for both exposure doses. Experiments were terminated at 4 days (1.0 Gv)
and 5 days (9.0(v).

On the day of analysis, the samples were thawed and the PCA-precipitated
protein was removed by centrifugation (13 000g) at 4'C for 15min. The super-
natants were assayed for prostaglandins and thromboxane by radioimmunoassay as
previously described (Donlon et al. 1983). The specificity of the antisera employed in
the radioimmunoassay for prostaglandins was characterized, and the ratio of PG
concentration to the cross-reacting substance concentration at 50 per cent inhibition
ot maximun binding was determined. TxB2 antiserum demonstrated less than 2
per cent cross-reactivity with other prostaglandins (PGF 2., PGE 1 , PGD 2 and 6- %N.

keto P(;F,). Specificity of the commercially prepared antiserum to PGF 2. demon-
strated only minor cross-reactivity with 6-keto PGFI, ( < 12 per cent), whereas anti-
P(;E, did not distinguish between PGEI and PGE 2 (0.1-2.0 per cent cross-
reacti\ It\ \\ith l" !'D,(;l), 6-keto PGF, and TxB,). Therefore, the data are
expressed as I(,E to indicate the cross-reactivity of anti-lGE2 with PGE1 . .".'

2.1. Statistical analysis and data presentation
Experimental data from each animal at each collection time were recorded as

urinary prostaglandin concentration (pgml) and urinary excretion rate (ml.h).
Prostaglandin levels were subsequently converted to pg'h. These values, rate of
prostaglandin accumulation and rate of urinary output were determined for all
sampling intervals pre- and post-irradiation.

Each animal served as its own control for conversion of the raw data to a
percentage value. For each animal, the three 24h preirradiation values were
averaged for prostaglandins and urine volume, and this value was defined as the
mean control for that animal. Each pre- and post-irradiation value wvas then
expressed as a percentage of its mean control value. By using this conversion, animal
to animal variation was reduced.

The prostaglandin data presented are geometric means (n = 10) expressed as the , - .
per cent of mean control values. The distribution of the PG excretion data was
determined to be log normal; thus, the percentage values calculated for individual
animals were log transformed for statistical analysis. Student's t test for unpaired
samples was applied to the log transformed data to determine the significance
between post-irradiation values of prostaglandin levels from WR -2721 -treated

.°, • ...
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animals compared to levels in non-treated animals. A Behrens-Fisher test replaced
the t test for those comparisons in which variation between treatments was not
homogeneous (Snedecor and Cochran 1980). The antilog of each geometric mean
was then calculated for graphic presentation.

Urine volume is expressed as the arithmetic mean of individual percentage
values; no data transformations were necessary. Treatment comparisons were made '¢ ,,
as indicated above.

In figures 1-3 the data are shown as the geometric mean plus and minus one
standard error of the mean (s.e.m.). The error bars in these figures were calculated
using these formulae: [antilog (X+s.e.m.)] and [antilog (X s.e.m.)J, where Xand
s.e.m. represent the mean and standard error of the log-transformed data. Figure 4
shows the arithmetic mean plus and minus one standard error. To simplify graphic
presentation of the data, the time noted on the figures represents the end of the time
interval of collection; i.e. 0-1 (1 h), 1-3 (3 h), etc.

3. Results
Patterns of PGE excretion following whole-body 7-radiation (1.0 and 9.0 Gy)

with and without prior administration of WR-2721 are shown in figure 1. Highly %
significant (P<0.01) differences in urinary PGE levels were observed between the
drug-treated and non-treated rats at 3, 6 and 12 h following 1 "0 Gy, whereas reduced
significance (P< 0.05) was observed at 36 and 60 h. These differences were transient
and PGE levels in the urine did not differ significantly at 24 h post-irradiation from

5OOO -1.OGV G 9.0Oey
untreated

I WR-2721 -treated

500

0. . IrradiationIrdito
0 C 1oorf
0

a. Irradiation Irradition %
C 0

-48 .24 0 24 48 7'2 96 -48 -4 0 24 4 72 96 10
Irradiation Irradiation

Time Postirradiation (hours)

Figure 1. Effect of WR-2721 on urinary levels of PGE following -radiation. Values
represent the geometric means (n= 10) in pre- and post-irradiated urine samples
(see text). Error bars express the geometric mean±s.e.m. * =O05>P>00;
* -'01 >P>0001; *** =0'001 > P. The range of control values for P(;E (pg'ml)

%%vre: untreated, 3901 3719,3, and WR-2721 treated, 387"4 8929"6.
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those for animals not injected with WR-2721. Approximately 20-fold increases in , .

excretion rates of urinary PGE were detected in non-treated animals following
exposure to 9.0 Gy. These increases persisted for the duration of the experiment (5
days). These dramatic increases were inhibited by injection of WR-2721 before
irradiation.

Alterations in excretion rates of urinary PGF 22 with and without prior adminis-
tration of WR-2721 are shown in figure 2. 'Significant' reduction of PGF 2. was
observed in animals treated with WR-2721 at 3 and 96 h post-irradiation (1.0Gy)
and at 36, 72 and 84 h following 9-0 Gy. While 'statistically significant' differences
were found at isolated points where between-group variation was minimal, WR-
2721 did not appear to appreciably affect excretion levels of PG(F2 .

Urinary thromboxane excretion following a single exposure to y-radiation
(1.0 Gy) was significantly reduced at 6 and 84h in animals that received WR-2721
before whole-body irradiation (figure 3). Inhibition of radiation-induced increases
were observed in pre-treated animals that received 9-0 Gy of y-radiation, detectable
at 6 h post-exposure, and persisting for the duration of the experiment (120 h).

Changes in urine volume following 1.0 and 9-0 Gy radiation exposure, with and
without prior WR-2721 treatment, are shown in figure 4. A significant reduction in
urine volume was observed at 3, 36, 48, 60 and 84h (l-OGy) with prior drug
treatment. Urine volume was also reduced by WR-2721 pre-treatment following
9-0 Gv at 6, 12 and 24 h; no significant differences in urine volume were detected
between treated and non-treated groups in all subsequent collection intervals.

In VR-2721 treated, non-irradiated animals (n = 7), no significant alterations in
either prostaglandin and thromboxane excretion levels or urine volume were
detected.

4. Discu.;sion
The present study demonstrates that injection of WR-2721 before irradiation

rcdutcs (a) increased urinary excretion rates of l(;F2,, PGE and TxB2 after

500 1. y PGF 2~ .~
1.0 GV untreated

C *WR-2721 -treated.- o - ,.
) t 100- - '-"" '

X0

o 50

Irradiation Irradiation.

C- Iso 9. OG.
C-

2 J 4 6 2'4 4 8 72 96 48 24 0 24 48 72 96 120
Irradiation Irradia ton

Time Postirradiation (hours)

Figure 2. Effect of \VR-2721 on urinary levels of P(;F 2, following -- radiation. Values ,

represent the geometric means (n = I10) in pre- and post-irradiated urine samples (see
text). Error bars express the geometric mean+s.e.m. *=0'05>p>0'l; **
= -01 >p >0001. The range of control 'ahics for PGF 2 , (pg ml) were: untreated, 63.0

2472.5, and \VR-2721 treated, 1213"0 6218"7.
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irradiation, and (b) radiation-induced diuresis. The effect on prostaglandin excretion
in the irradiated animal may be the result of specific effects of WR-2721 on kidney
prostaglandin production, the generalized effect on prostaglandin metabolism, or a
combination of both. The decreased diuresis may reflect either a diminished supply
of prostaglandin to the kidney or a decreased synthesis of kidney prostaglandins. '-"

In the non-irradiated animal, the lung is the major site for the catabolism of
circulating prostaglandins (Piper et al. 1970). Ferreira and Vane (1967) first .1
demonstrated that up to 95 per cent of PGE1 , PGE 2 and PGF 2. was removed in one
passage through the pulmonary circulation. This observation was subsequently
confirmed in a variety of experimental animals (McGiff et al. 1969, Horton and Jones
1969). In the irradiated animal, however, the lung generates substantial quantities of
prostaglandin (Steel and Catravas 1982). As a result, circulating levels of prosta-
glandins in the irradiated animal may exceed and/or impair the lung's capacity for
clearance, thereby causing increased levels to remain in the blood stream. Rats
secrete albumin into their urine and the degree of albuminuria is dependent on age
(Berg 1965). Prostaglandins are known to bind to serum proteins, primarily albumin -

(Raz 1972). In the irradiated animal, increased diuresis, accompanied by significant
increases in proteinuria as early as I h following 9.0 Gy whole-body "/-radiation may.
partially account for the observed elevated prostaglandin levels (Amende et al. 1982).
Prostaglandins bound to circulating albumin may pass through the radiation-altered
glomerulus and also may contribute to increased urinary prostaglandin levels.

Considerable evidence supports the concept that in the non-irradiated animal the
kidney may be the main source of prostaglandins and their metabolites that appear in
the urine (Fr6lich et al. 1975, Gulner et al. 1980). Furthermore, prostaglandin
administered through the renal artery results in biochemical and functional
alterations within the kidney tubule. Most pronounced is the diuretic effect of PGE,
which is thought to affect volume regulation by counteracting vasopressin action
(Omachi et al. 1974).

Increased urine volume in the irradiated animal is transient (figure 4). In this
study, peak increases after 9.0 (iy were observed at 12 h and returned to control
levels by 36 h. However, the PGE excretion rates after 9.0 Gy (figure 1) continue for
the duration of the experiment. If the increases of P(E are related to the increases in
urine volume induced by radiation, it is necessary to postulate that the cellular
components of the kidney tissue become refractory to these high levels of F GE -.

' lh\m in radiation, thus resulting in a return o)t the urine \(oltine to pre-irradiatin-" -
IC\ Cls.

'The observed increases in urine prostaglandin excretion may arise from the loss
of the normal integrity of clearance mechanisms and/or from increased prosta- 7
glandin production in the kidney. The inhibition of the urine prostaglandin
excretion rates by WR-2721 in the irradiated animal suggests that the radioprotect-
ant may act at either of these levels. -

The decreased radiation-induced excretion of prostaglandin and the diuresis
caused by prior administration of WR-2721 may also be the result of the protective
effect of \R-2721 on a variety of tissues other than kidney (Yuhas et al. 1980). WR-
2721 inhibition of cellular destruction resulting from whole-body irradiation, in the
skin and or bone marrow for example, may reduce prostaglandin release or decrease
the release of mediators which may affect diuresis secondarily. It

Although precise definition of the origin of urinary prostaglandin and throm-
boxane is limited in this study, little doubt exists that the radioprotectant WR-2721

-7.
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profoundly affects the excretion patterns of PGE and TxB 2, but minimally affects
the excretion of PGF 22 in the whole-body irradiated animal. Additional studies are
in progress to examine the metabolism of prostaglandins in the irradiated kidney.
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Behavioral incapacitation for a physical activity task and its relationship to emesis and
survival time following exposure to ionizing radiation were evaluated in 39 male rhesus
monkeys (Macaca mulatta). Subjects were trained to perform a shock avoidance activity task
for 6 hr on a 10-min work/5-min rest schedule in a nonmotorized physical activity wheel.
Following stabilization of performance, each subject received a single, pulsed dose of mixed
neutron-y,, whole-body radiation (n/-y 3.0) ranging between 1274 and 4862 rad. Performance
testing was started 45 sec after exposure. A dose-response function for early transient
incapacitation (ETI) during the first 2 hr after irradiation was fitted, and the median effective
dose (ED 0 ) was calculated to be 1982 rad. More subjects experienced both incapacitation and
emesis in this study than has been reported for other behavioral tasks in similar radiation %

fields. Analysis done on the relationship of dose to ETI. emesis, and survival time found (a) a
significant relationship between the radiation dose and the number and duration of ETIs: (b)
no correlation between emesis and dose, survival time, or ETI: (c) no relation between survival
time and ETI at any dose: and (d) no significant difference in survival time for dose groups 0

between 1766 ± 9 (SEM) and 2308 ± 23 rad.

INTRODUCTION

Behavioral incapacitation following high doses of ionizing radiation has been
observed in several animal species performing a variety of learned tasks. Miniature
swine exhibit transient periods of inability to traverse a two-chamber shuttlebox
almost immediately after receiving doses greater than 2400 rad of mixed neutron-
y radiation (/). Rats trained to a shock-avoidance jump box (2. 3) or a swimming
task (4) were temporarily incapacitated immediately after mixed fission spectra
irradiation. Thorp and Young (5) and Turbyfill et al. (6) reported incapacitations
in monkeys performing a visual discrimination task, and similar effects were
observed for the delayed match-to-sample task (7) and primate equilibrium platform
task (8).

Most animal species tested showed two distinct phases of behavioral incapacitation

Research was conducted according to the principles enunciated in the Guideltr the (are and [se of
Laboratorv Animals prepared by the Institute of Laboratory Animal Resources, National Research
Council. Supported by the Armed Forces Radiobiology Research Institute. Defense Nuclear Agency under
research Work Unit MH 20201. The views presented in this paper are those of the author; no endorsement
by the Defense Nuclear Agency has been given or should be inferred.
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in response to supralethal doses of ionizing radiation. In monkeys, for example, the
first phase, early transient incapacitation (ETI), begins within 3-8 min after
irradiation. It usually lasts approximately 5-20 min and is followed by recovery to
a level approximating the preirradiation performance.

Occasionally, subjects have other ETIs within the first 2 hr after irradiation.
Seigneur and Brennan (9) differentiated these ETIs from permanent complete
incapacitation (PCI). PCI occurs shortly before death and is characterized by total
cessation of performance and increasing physical debility, terminating in death.

Several studies investigating primate behavior following exposure to mixed
neutron--y radiations have used subjects confined to restraint chairs and trained to - . N

perform a learned task requiring little physical movement (5-8, 10). Three studies
at this laboratory evaluating the effects of ionizing radiation on the performance of
unrestrained subjects showed that performance on a task requiring greater physical
activity (traversing a chamber) was more severely degraded after irradiation
(11-13). Another experiment in which locomotor activity was a separate task also
showed that performance of the more physically demanding task was more severely r
affected (14).

Although data suggest that the performance of a physical activity task is affected
more by ionizing radiation than is a cognitive task, previous studies in primates
have neither specifically tested for locomotor ETI immediately after irradiation nor
established a dose-response relationship for this phenomenon. This study was
designed to establish a dose-response curve and ED50 for ETI in a physical activity
wheel (PAW) and to define the relationship of incapacitation to death and emesis.

MATERIALS AND METHODS (.,-,

Suhjec Thirty-nine naive male rhesus monkeys (Macaca mulatta) were used. Subjects were individually"
housed in stainless-steel cages in a restricted access primate colony with a 12/12-hr light/dark cycle. Mean ...
age was 44.9 ± 1.7 (SEM) months (range 26 to 72 months), and mean weight was 5.5 ± 0.2 kg (range
3.0 to 7.1 kg). Subjects were maintained on Purina monkey chow and fruit- water was available ad
lihium Subjects were not fed for 14 hr prior to irradiation.

Apparatus Training and testing were done in a nonmotorized activity, wheel consisting of a 24-in.-
wide, 4-ft-diameter cylindrical treadmill that rotated freely on four ball bearings between two '-in. Plexiglas
walls (Fig. I).

The wheel was constructed of !-in. Plexiglas and L-in.-diameter aluminum bars (15). A '-pound pull on
the tangent was sufficient to initiate wheel rotation. A microswitch recorded the number of wheel rotations
and a tachometer measured the speed in miles per hour (mph). One mile per hour equals 7.3 RPM. The
120 aluminum bars that created the running surface were connected to a constant-current shock generator.
A motor-driven brake was used to stop the wheel for rest periods and to reduce excessive speed.

Mounted on the support wall opposite the entrance door were two visual displays for presentation of
color cues, and a 2-in.. 3.2-ohm speaker for presentation of auditorn cues consisting of a high-frequency
tone interrupted b a pulse generator to %an the number of beats per minute (bpm). A Plexiglas restraint
box used to transport the subjects was mounted against the door. When the door was remotely opened. 
it allowed subjects to enter the wheel. A shock grid on the floor of the box ensured that the subjects left
the box and also prevented them from reentenng.

I'erformamc nceasure Performance was controlled bN a shock-motioated. free-operant reinforcement
schedule (16) with visual and auditors cues (Table I1). Subjects could indefinite avoid a 5-mA shock by
rotating the wheel at or above I mph. After incapacitation had been established bh I min of 0-mph
performance, shock frequency was changed to one per minute until recovers occurred. To ensure that
this did not lead to extended periods of inactivity shock intensit" was increased to 10 mA. The 3 mph
safe zone represents a smooth, natural four-beat gait for monkeys of the size range used in this study.

%'..
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FIG. I. Monkey physical activity wheel with restraint box. Components include (A) electronic connector '"
for shock scrambler and generator. (B) motor-driven brake. (C) digital lights and speaker. (D) monkey, """:
restraint and exposure box, and (E) tachometer.

Since preliminary work indicated that subjects might be injured at excessive speeds, the brake '"i-
automatically increased the drag on the wheel to reduce the speed if the subject exceeded 5 mph. Thirt.y
seconds before the stant of a work period, the wheel brake was gradually released, and the 90-bpm tone".' '

and green light were turned on to indicate the beginning of a 10-min performance period. Rotation rate -Sand the number of revolutions were recorded on a strip chart. The shock was disabled until the brake

was completely off. During rest periods the brake held the wheel in a fixed poxsition, and there were no . ,.

auditor3' or visual cues.',-.,
Subjects were trained for at least 9 weeks (2 hr per day. 5 days per week) until the work/rest regimen :,'

could be maintained for 6 continuous hr. Performance was measured as the mean running speed for each "..-,""
10-min work period. When performance did not van more than +_20' across the 6 hr. the subjects were *,.,r-" '5sham-irradiated, performing for 2 hr in the radiation exposure room. The normal training schedule was

resumed for 5 days after sham irradiation. On the radiation day, the subjects were transported to the -v-4..

exposure room and given a 10-min pretest. Ifthe pretest performance was _+20' 7, of that achieved during ': •

TABL.E I ",.

Task Control Parametersr

Shock ,one O-I 90) green 0.4-sec 5-mA pulse -. *-
cscn- I.3 see . !-'

Shock a,.oidance 1-3 90l green none "-"

danger /one."',.x
Shock avoidance 3-5 60) ,hite none ".",.*Ksale /,,nC .:=,
() Oerspeed ,lone 5 and up 30 red none .".

'!:.::... .'O~ak4-SeC moes (-m.A tpulse ptonnce ev.erx minute during inc.apacitation.,:i '

° ... -a. . . ........ . -. . . ... aa ...-........ -.
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the first 10 min of the sham irradiation, the subjects were placed in the box and irradiated. If the subject
failed the pretest, training was resumed for an additional 8 days before a second sham irradiation.

After radiation exposure, subjects were released from the box. and testing began within 45 seconds.
Postirradiation testing was continued for 2 hr in the exposure room. The subjects were testcd for 2 hr per
day for 3 days. Subjects were monitored by closed-circuit television for changes in gross performance and
for emesis.

Performance was videotaped after irradiation. Performance was analyzed for each 10-min work session
to determine the number and duration of incapacitations. Subjects were considered incapacitated if no
rotations of the wheel occurred for at least I min. The subjects were considered recovered when they
continuously rotated the wheel at any speed for I min.

Radiation exposure and dosimetri. Subjects were exposed to mixed neutron--y radiation from the
AFRRI TRIGA reactor (17). The reactor was operated in the 10-msec pulsed mode. A 5-cm-thick lead
shield was positioned between the reactor and the subject to produce a free-in-air neutron-to--y kerma ....

ratio of 3.
Neutron and 7 spectrum average energies were 1.0 and 1.4 MeV, respectively. Subjects were exposed

while restrained in a Plexiglas box attached to the PAW (Fig. I). The box was positioned so that each
subject's vertical midline was 90 cm from the centerline of the reactor core. while the animal was facing
away from the reactor.

Dosimetry measurements were made using paired 0.5-cm' ionization chambers, described in ICRU
Report 27 (18). positioned at the midline of a monkey phantom inside the restraining box. In these
measurements, one chamber had A-150 plastic walls and was filled with tissue-equivalent (TE) gas. The
other had magnesium walls and was filled with argon. The phantom trunk was a Plexiglas cylinder
(10-cm diameter by 33 cm tall) filled with TE liquid. The head section consisted of four 3-cm-thick disks
of TE plastic with diameters of 9. 10, 10, and 8 cm. respectively, from top to bottom. Each leg of the
phantom consisted of one Plexiglas cylinder 5 cm in diameter and one 3 cm in diameter, each 18 cm .-

long. They were positioned to model the monkey in the restraint box.
Results of dose measurements are shown in Table I1: the total neutron plus -Y dose at the midline

thorax position was the defined dose for all subjects. To provide corrections for variations, actual animal
irradiations were monitored with ionization chambers and sulfhur foils mounted at fixed positions near
the reactor core and on the Plexiglas restraining box. Propagation of error analysis indicated uncertainties
of 8% on total dose and 18% on neutron-r ratio, besides the uncertainties associated with individual
animal size/weight variation. J."i,

Anal>sis The range of doses for the initial estimate of the EDs, was determined by a modified up-
down sensitivity procedure (19). For example, if a subject was not incapacitated during the first 2 hr after
irradiation, the next subject was irradiated at a higher dose. Conversely. if a dose produced incapacitation
within 2 hr, the next subject received a lower dose. After the ED5(, had been estimated, subjects were
irradiated at doses between 1766 and 2312 rad to improve the confidence limits of the dose-response
function.

TABLE II

Summary of Monkey Phantom Dosimetr.

of /total' \etr,,nl't"'y""

Free-in-air kerma P
Thorax 132 3:1
Head 113 3:1

Midline tissue
Thorax ItX) 1.4:1

I Head 80 1.6:1

Defined dose midline (issue thorax dose.

--........

-
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Using the technique described by Finney (20), a probit fit was made to establish the EDso for ETI.
Further analysis was done of the duration of incapacitation, frequency of emesis, and survival time. For
this analysis, subjects were grouped so that the dose range in any group was ±5% of the median dose for
the group. The result was that four dose groups were created with means and SEMs as follows: 1766 ± 9, p.

2037 ± 22, 2308 ± 23. and 4610 ± 22, hereafter called the 1800-, 2000-. 2300-. and 4600-rad dose
groups, respectively. Doses for six subjects fell outside the group criteria range, and they were excluded
from the group analysis. The Kruskal-Wallis test was used to compare group differences in ETI, emesis,
and survival time. Significant group differences were further analyzed with a multiple comparisons test
(21). The Wilcoxon signed rank test was used to test for difference in the time lost between the first and
second hours.

RESULTS

The results of the probit analysis for ETI are plotted in Fig. 2. As shown in this
figure. the slope (4.57) for the function is quite steep. Based on the probit, the ETI
ED50 for physical activity performance 2 hr after radiation exposure was 1982 rad.
In a more detailed group analysis, no particular time of ETI manifestation was
found for the 2-hr assessment interval.

Analysis of the percentage of performance time lost to incapacitation revealed
that although the 2000- and 2300-rad dose groups lost more time in the first hour
after exposure (Table II), these differences were not significant. The total percentage
time lost to incapacitation revealed a monotonic increase as a function of radiation
dose. However, only the 1800-rad dose group differed significantly from the two
highest dose groups. The data on emesis for each dose group are also shown in
Table Ill. None of the 13 subjects that received less than 2050 rad vomited, whereas
9 of the 20 animals that received more than that dose vomited one to seven times.

Aside from this dichotomy, no relationship existed between groups for emesis. Most
vomiting episodes occurred during the rest periods between 20 and 60 min after
irradiation: however. 4 animals vomited during a period of incapacitation, and 2
while performing.

Ss

I"

90o .0 .,
300 20

I.- -- M .o 0 ... IlI

w io0 COtf"

100 So0 100 5000 10000 1000

TOTAL BODY DOSE Irads, MID-LINE THORAX) E-
"-.

Fl. 2. Dose-response curve and 95'1 confidence limits for ETI for monkeys performing on a physical
act0i.NI wheel. ED,, is 1982 rad following TBI to mixed neutron-"r (n/y .3.0) ionizing radiation.
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TABLE III ,4.

ETI. Emesis. and Survival I ime

Mean % of per formanc tune-
Number lost during Eli Suh.%ect MeanDose group showing with survival"- "_

(rad) N ETI 1st hr 2nd hr Mean einesis titn (hr)

1800 9 1 3.0 0.0 .5' 0/9 96.3-.[r-.,_

2000 8 5 28.0 11.0 19.5 3/8 118.3
2300 7 6 39.0 19.0 29.0 3/7 121.6
4600 9 8 44.0 45.0 44.5 3/9 38.0-

'Significant difference in time lost in the 1800-rad group compared to the 2300- and 4600-rad groups.

P < 0.05.
b Significant difference in survival time between the highest and all other dose groups. P < 0.05.

Survival time after irradiation was not significantly different below the 2300-rad
dose group (Table III). Time of survival was significantly shorter for animals exposed
to more than 4500 rad. Although time between the onset of PC[ and death ranged
from 4 to 180 hr, task performance ceased for most subjects at about I or 2 days
before death. Duration of PCI was not related to dose.

DISCUSSION

This study established an ED50 of 1982 rad for incapacitation for primate
locomotor activity. By comparison, the ED50 in the same field is 2729 for a primate
visual discrimination task.2 This suggests that the performance of a physical task is
more affected by total-body irradiation than are tasks not requiring gross motor
activity, which is an observation previously made by Young and Kessler (11) and
Curran et al. (12). Two other observations from this study also support these
conclusions.

First, incapacitations during the first 2 hr occurred more frequently and resulted
in greater time lost to ETI than has been reported for monkeys performing
nonphysical tasks. Bruner et al. (7), Thorp and Young (5), and Yochomowitz and
Brown (10) have reported that ETI for chaired monkeys occurs predominantly as a
single episode within the first 30 min after exposure. Although these authors report
subjects having multiple ETI episodes, it was not the rule. Consistent with these
findings, most incapacitations in the present study occurred during the first hour
after exposure but, unlike previous reports. most subjects were incapacitated more
than once. As a result, nonperformance time during the second hour after irradiation
was greater for the PAW than for other tasks, and overall nonperformance time
increased monotonically with dose. Thus no significant differences were seen in
nonperformance time between the first and second hour at any dose, and at 4600
rad, as much time was lost to incapacitation during the second hour as during
the first.

R. W. Young. S. i. [.ein. C. i. Fran,. and W. I. Jackson. .4naht of llonkci Iap,(hitait,,n Data

for .Ilitarv .Ipplicatin Defense Nuclear AgencN Report. in press.
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The second observation from this study suggesting that gross motor performance
is more significantly affected by radiation than is nonmotor performance concerns
the duration of PCI. Typically, monkey PC! is short, since animals perform with
little or no decrement until just before death (9). On the other hand, PCI occurred .

I or 2 days before death for the PAW-irradiated subjects. Since Seigneur and
Brennan (9) describe PCI as a condition of increasing physical debility terminating
in death, the earlier onset of PCI for monkeys performing a gross motor-activity
task suggests that they become too debilitated to perform motor functions before
losing the ability to perform a nonphysical function, or before losing the ability to
exhibit a useful aggressive or evasive response (the performance criterion used in
that study).

The occurrence of emesis did not appear related to either dose or incapacitation.
While some animals vomited in each dose group above 2000 rad, no significant
difference existed between the groups as a function of dose. Since all but seven
vomiting episodes occurred during the rest periods between 20 and 60 min after
irradiation, emesis did not contribute to the ETIs that began 3-7 min after the -.,'
pulse. In fact, II of 20 subjects that were incapacitated did not vomit; 2 that
vomited were not incapacitated. Surprisingly, however, 4 subjects vomited during a
period of incapacitation, an effect not reported in other primate studies (7, 22). This
apparent discrepancy may be accounted for by the fact that incapacitation was
defined as nonperformance on tasks that measured fundamentally different end
points.

The observation that no significant differences existed in survival for animals
irradiated with less than 2400 rad was not surprising, since these doses are supralethal
and the dose range below 2400 is small. While survival was significantly less for
subjects irradiated with more than 4500 rad, there did not appear to be any.
relationship between survival time and the number or duration of ETIs. Although
PCI tended to be somewhat shorter for the highest dose group, this probably reflects
merely the decreased survival, since no significant differences existed in duration of
PCI for the grouped data.
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Table 1. Combined Effect of Whole-Body Irradiation and Approximately states, the recipient is at greatest
Simultaneous Burns in Various Animal Models risk for infectious complications.
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*I I'tS Annually in thle United States,
-:1 -35e ad 50 about 300,000 people sustain

2 5( 0 R 0 burns of one sort or another; of
*501)K +20 those ilured, some 12,000 die'

31-311; burs +100 65 Ini addition to the ti'aurna itself,
31-351% hur'ns + 25(0 R 95 the b~urn causes suppression of
:11-35%, tburns + 500 R 10(0 vital immune sy stems, rendering

* (;tINLA PIGS the recipient extremely suscep-
Korlofitible to bacterial and fungal infec-

1.5%. burns 9 tions. 'The literature is replete
250(R i with reports idlentifying various
1.5%i horns + 25(0 R 38 infectious organisms in burn in-

juries; one of thle most frequently
mientioned microbes. Pseudo-

*Suiting from a 510-rad irradiation pression. Similarly, radiation and mnonas aeruginosa. has been asso-
was 301%. Combined. these trau- other forms of tr-aumna suppress ciated with infections bearing thle
r nas produced a mor-tality of 901%. hlost immunologic surveillance to highest mortality."1

* Similary. canin mortaliy due to the point wher'e the recipient is Healthy lbrtr'aiasae.
*a 20%-bodly-surface thermal in- susceptible to e ndcoge nou s/exog- normally cluite resistant to P.

urv alone was 12%. Combined enous microorganisms and as- acruginosa. Tlo over-come prol)-
with a sublethal radiation dlose of sociated toxins. lems of natural resistance, investi-

*100 rads, the mnor-alitv rose to Tlhe hematopoietic system is gator's hav'e developed a numb~er
- 7% .very sensitive to radiation. Subl- of artificial steps to indluce experi-

As mortality is affected by ra- lethal dloses of radiation are mental infection. Some of these
- diation. so too are( thle healing known to cause significant reduc- have included use of unrealisti-
*proc-esses. Messer'schniidt' has tions in both hematopoietic stemi calls' high dloses of bacteria: use of2

determined that healing times cell and progenitor cell popula- cytostatic drugs; addition of viru-
lengthen by as much as 50% when tions. Within the first week to 10 lence-enhancing factors, eg. mu-
combined-injury includes ria- days after a radiation incident, cm.i: and treatment with agents

* ionl519 radis, LDji and wounding. the number of mature functional that dlisrup~t thle integrity of a host
- In other studies, callus formation cells decrease, eg. neutrophils. system (o1' organl, therelw perinit-

wsfollowed radliographically in monocytes, platelets. and lym- ting(00litilOpounie
rabbits. Control animals healed lihocytes. 'These cells have finite for ilicro)r'gallisrils. The Stieritz
over a 32-day period:, hut the life spans, andi in thle presence of and Holder- thermally' injured
healing p~eriod of rabbits receiv- radiation-depleted stem cell and/ rllur'rieC modlel, to be dlescrlibed,
ing a r'adiation (lose of 80(0 r'ads or progenitor cell populations, the abrogates mail,, of. the aforemien-

L ' was almost twice as high. recipient is at enhanced] risk. tionled p~roblemns.
Larl ' closo rt of' soft-tissue in- TIhese end cells are responsible Nlur'ine experimerntal strains

Itories is mlesir'alir but riot Aways and necessary for thle initiation of thus far examined in our- labora-*-
po4ssile t's in the case of exten- 11) a whole set of integr-ated re- tory have been BAth C and C3H
sl% thermal injrr. Opewn wounds sponses to opportunistic patho- HeN female mlice. 18-22 gi in
pr~id ~e arm enivirornmernt easily* germ. and/or 121 the healing pro- weight. One( day before use,. the
utdobnized h% icrobes which in cesses. Reduced by traumlals) to hacks of thle ruici' were shaved.
turni rna% enrhanice inmnosuh)- cellularly ineffectual levels or Before burn. mlic'e were anesthe-

* ~ ot lIw Wi P. Iuii it. No. 2
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tized wvith mnethoxyflurane. A tern- have heen conducted with strain specific cellular-responding pop-
*plate with a 2.5-sqI cm opening PA-220 Lu04,j <10i, the most vimu- ulation, blastogenicallv induced
*(oiiesponding to about 15% of lent strain available in our lahor- mitogenesis patterns were evalu-
- ~ total bodY surface area ITBSA I was ator 'v. ated. Mitogens used for assess-
*placed (on tile shaved spot, bathed Although it is not clear what nient were concanavalin A Con-

Nwith 0.5 nil of 95%11 ethanol. and c.omponents of P. aeruginosa are Aj, pokeweed mitogenPW,
ignitedl loi' 11 seconds. Immnedi- ultimately responsible for, its vimu- phvtohlemagglutinin 1PIAj. and
ately postburn. 0.5 ml of an appro- lence, one v'eiv important factor is lipopolysaccharide I LPSI. At the

- lriate bacterial suspension was the exotoxin (Al that is produced. highest experimental concentra-
-injectedl subcutaneously' into the Passive immunization with for- tion (50 nig) investigated, Con-A

burned area. Control animials re(- nialdehyd e or glutaraldehyde tox- response patterns showed the
('eived an equivalent voJlume of oids of exotoxin-A increases the greatest sensitivity, to exotoxin
saline. Wretlind andl Pavlov'skisl- surival rates of burned, infected and1 decreased to 151% of normal
hav'e reported that white blood( mice byv 50% to 85%. If exotoxins values IFigure 1, Aj. Response pat-
cell counts of burned, noninfected were Combined with gentamicin, terns to PRA Isimilar to Con-A in

*mice did not differ significantly 1001% suivival could be effectedl.' that it is primarily a TI cell mito-
from normal values. whereas mice Enhanced surival rates hav'e also geni decreased to 27% (if normal

*inflicted with trauma and given been shown in human patients, values (Figure 1, Bi. Response
*bacterial doses (Itt. showed who possess high levels of anti- patterns of cells capable oif me,-

*significant (decreases in white bodies toi exotoxin-A.'7 spoitding toi B cell mitogens iL.PS,
[)floodl Cl Counts only 22 to 28 Putred P. aertuginosa exotoixif- RVVM I showed somewhat less sen-
hours postinfection. InterestingkV. A has been reported to inhibit sitivitv to exotoxin and decreased

*the22- ti2-hoiur low point in the protein s 'ynthesis in cultured to 35%14 and 38% of control values
%vwhite blooid cell count often cor- mammalian cells" arid in miouse (Figure 1, C and D). PR-A values

*respoinds temiporally% to maxima organs.- Murine protein synthe- were thle first to return to normal
noted in the spleniic and thymic sis is inhibiited 6b% more than 85%/ levels and did so in the presence
ky llphoid p~opulatiorns at 20 and ini the liver and WIN% to 50%11 in of 0.1 ng or less of exotoxin. Cellu-

* 24 hours after traumia and also 1(o other organs."' We hav'e deter- lar responses to LPS and IPVrM
low poiints n1ote~ in humoral re- mined that thle 1.1351, 7Of Mice to r'eached normal levels in the pirs-
spori5(2 patterns. purified exotoxin falls within a ence of 0.01 ng of exotoixin. 'The

Bl'id mice shIow 'suIsceptihil- range (if 50 to 60 ng. Because im- pattern of Con-A-responsive cells
*it , to inflectioin with P. aert~ginosa. mlunologic r'espons~e patterns in again showed great sensitivity to
-which decreases eight t(3 18 hours septic conditions wvere oif interest, exotoxin andl did riot reach nior-

* liostliurn. liilfrent strains of P. we evaluated the effects of exo- mlevsuni0001gores
*aertrinosa max' 'in' markedly in toxin bY a dding it to in vitro of exotoxin was present. Further

virulence, ats defined b) 'vmeasures cultures oif ficoll-separated m0- experimnirts have show~n that exo-
nsfmean lethal dose. F or that rea- rine lymphocytes- TIo determiine toxin, on the basis of 'lrypan Blue.-

- ~sono, most rof ourrsa''l tit whether exotoxin abrogated a v'ialti ii yttii.Asi

resarc ----- l abliy is_ not cv--xc Also it 4 ~ -- ~----

CON-A PHA LPS PWM

a r

I-. Ss0 4 z

'~ " 3SIII~ 10 2 0RIE2lCA2ES 20 2 22C1S 0 REPOICAOIS

-~ ~ ~~~~~9. 1 o 0 521 110200

v5 6_0T32 0602 0 s0 25 10 1 01 o , 000 0D s0 25 10 1 002 000, 'a501, o Dc
1104 1 la.14, 2I IV 1, WCl l T0242 4(020fl20 Iq. 20104 CRSVtt TOM fEOTOXIM 'Roo.' CwE 11TOM 5 0011O~ M lW*101 CILLSMILL

wHII1 Flritiogem '(N\--1. PHA.' 1,11S. I'WAI' mid1( corentratioris of purified Poaedrckioras exotoximi-, t)aara espirssed ats
p~er it contot l SLtI x 18,. I A'nillocyt('v sourv fe1,) erale Tiic'
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has been determined that what- Table 2. Murine Spleen Cells (PHA Responses Expressed as Percent
ever effects are caused bv exo- of Control)

L* toxin occur within the first 60
- minutes of incubation and can- hours

not be abrogated by washing one A.

to three times. ! 4 20 24 44 48 72
(ellar response patterns of Hum 95 121 153 182 63 47 42

ficoll-Hypaque-separated murine
splenic or thymic mononuclear Bug 72 170 270 338 95 84 60
cell populations were studied Exotoxin 89 90 93 117 88 68 NO,
'Tables 2 through 5j. Thymidine
SlCi, 18 hoursi uptake patterns B + XO 113 125 136 140 91 78 ND

were demonstrated by Iympho- B + Bug 245 316 434 402 219 186 92
cYtic cellular populations one to
72 hours posttreatment to mito-
genic stimulation. PHA 10.5 itg/106 Table 3. Murine Spleen Cells (LPS Responses Expressed as Percent
cells/welli was used to assess ' of Control)
lymphocytes, andl LPS (5 gIg/10"
cells/well to assess B cells. Ex- hours
pIerimental treatmenti sl were per-
oried before tissue extirpation 1 4 20 24 44 48 72
in five groups: III burns IBI- 15%

IIISA frill-thickness contact burn; Burn 7 8 43 47 67 49 22
r2) Bacterial challenge ("Bug'i- Bug 30 25 41 38 15 17 11
subcutaneous administration of
an I.|);r dose )f P. aeruginosa Lxotoxin 81 52 16 20 13 11 ND
13-17 X 10:"; 131 exotoxin (XOI- B + XO 35 22 19 18 32 51 ND
intravenous administration of an
.1) (lose of Pseudomonas exo- B + Bug 8 5 25 29 9 7 8

toxin-A '53-65 ngi; and 141 and
61 their combinations. Data are
expressed as percent of normal Table 4. Murine Thymus Cells (PHA Responses Expressed as Percent
control collected over three repli- of Control)
cares IN = 361 in (::H/HeN mice. --

As shown in tables 2 through 5, hours
thermal injury appears to stimu- A. -
late PIIA T cell re)sponses of ficoll- 1 4 20 24 44 48 72
separated splenic monocvtes for Burn 279 294 827 1026 147 133 67
periods up to 24 hours (see Ta-
bles 2 ant 31. At some time be- Bug 1140 487 145 243 1 434 762 217
Itveen 24 andl 44 hou.s postiniury, Lxotoxin 288 250 112 160 563 512 Nt)
splenic responses decreased sig-
nifi('antlv to levels below normal. B + X0 1145 2:112 2560 3216 1626 2027 Nt)
Iower numbers of seed cells have B + Bugf 133 197 817 10:35 211 197 847
shoWn similar response patterns,
which seems to rule (Jut hyper-

- mnetabolic or nutritional ,on -
tao"raints. It is interesting that the Table 5. Murine Thvmus Cells (LPS Responses Expressed as Percent

lpattern of inctreasedl responsive- of Control .
ness fo- 24 hours. followed bY a hors
signifhcant decline at 44 hours,
apl)arenllv holds for almost all 1 4 2 24 4-"71 4 201 24 44 48 72 "o o
experimental treatments. Splenic-
B cell responses to lPS lipopoly- Burn 186 1.51 277 280 117 159 85
saccharide' were markedlv differ- Bog 219 149 714 803 766 862 211
ent fronm overall splenic PFIA re-
sponses and were significantl' Exotoxin 249 237 119 128 245 167 N)
depressed throughout all time B + XO 4546 4127 N) 5225 1264 2560 ND.
frames evaluated for all experi- B --
mental treatments. _ + Bug 159 122 138 141 157 163 111__ _ _ _ _ _-_ _
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Thymic cells (see Tables 4 and fection; in the presence of crushed When normal mucosal defense= k

5I, although reacting in a manner muscle, only 10 spores were systems are compromised (as is
qualitatively similar to that of T needed. When sterile dirt was ap- most likely the case in traumal,

- cells, (iffered quantitatively. As in plied to the crushed muscle, only opportunistic pathogens gain ac-
the case of splenic responses to one spore was needed to estab- cess to binding sites heretofore

- PHA, thymic responses were ele- lish a similar pathologic condi- inaccessible and initiate the dis- %
vrated through 24 hours before tion. Human beings have shown ease processes. Desquamating
decreasing at 44 hours. One com- corresponding effects: use of silk cells of murine tracheas, trauma-
mon feature in the two thymic- sutures caused a 103- 104 increase tized by influenza virus or endo- --

responsive IPHA, LPSj popula- in susceptibility to Staphvlococ- tracheal intubation, bound Pseu-
tions was their trends. There cus infection. domonas more readily than did
appear to be parallel increases in Another element in infection those of normal animals.:" Micro-
both thvmic iPHA, LPSi popula- is the time lag between injury ulcerative lesions produced by
tions in the presence of experi- and definitive treatment. The fre- hexamethylphosphoramide also
mental traurnalsi. The thvmic, quency of clostridial myonecrosis enhanced Pseudomonas coloni-
LPS-responsive group (B + Bugi was almost seven-fold higher in zation.'
tended to mimic damage induced prisoners of war whose oppor- Intestinal colonization patterns
by burns alone. tunitv for definitive surgery came may also change as a conse-

three to four times later than that quence of trauma. It has been re-
for our own service personnel.-", ported that rats receiving 500 or

Sepsis Other factors that may contribute 1,000 rads of radiation show a de-
to infection include the number, crease in the number of bacteria

A common outcome of an im- location, and extent of wounds, per gram of intestine shortly after
munosuppressive event is infec- eg, during World War !1, buttock exposure (23.9 x 0 " , normal;
tion caused by an opportunistic wounds accounted for only 5% of 11.7 X 104, at 500 rads; 39.4 X 10'.
pathogen. In spite of the prolifer- wounds but over 50% of cases of at 1,000 rads. Numbers of bacteria
ation of antibiotics, sepsis is sec- gas gangrene.- in the animals irradiated with 500
ond only to head injury as the Gram-negative bacilli have be- rads began to return toward nor-
most frequent cause of death in come the predominant etiologic mal levels by seven days postirra-
trauma victims surviving more agents of trauma and nosocomial diation and were about normal
than three to four days."' Oppor- infections during the past three by 11 days postirradiation. In
tunistic pathogens, with their se- decades, and there is no evidence contrast, animals that received
lective mechanisms of invasion that the incidence of these infec- higher doses of radiation had bac-
combined with impaired host im- tions is abating. A recent meet- terial levels three times normal."
mune mechanisms, lend them- ing of Army and Navy reseach Changes in populations of intes- - *

selves to the development of lethal and development communities tinal bacteria may be altered by
bacteremias. Despite the availa- concerned with opportunistic in- the mucous environment, such as
bilitv of more than 24 antimicrob- fections cited Escherichia coli, P. that occurring after burn shock.,-,
ial agents twith the exception of aeruginosa, and Klebsiella pneu- Lesions are purported to exist in
third-generation cephalosporinsi, moniae as the major gram-neg- intestinal tight junctional barri-
the incidence of infection has not ative threats, although some ers (zonula occludensl associated
significantly decreased,!, and in anaerobes IBacteriodes. Staphvlo- with mucus-producing cells fol-
the United States alone, 200,000 to coccus, Candidal were also impli- lowing radiation," full-thickness
400,000 septic-associated (eaths cated. dermal wounds,- or endotoxin
occur annually.- Normal mucosal surfaces show shock.-

Factors that may predispose a a certain resistance to pathogenic
person to infection include the colonization. Human volunteers Experimental Studies
degree of injury, magnitude of ex- who gargled a challenge of 10 There is general agreement that
ternal contamination, organism cells of E. coli or K. pneumoniae the two major pathogens involved
invasiveness, and host immuno- had less than 1% of the original in opportunistic infections are E.
logic and nonspecific resistance. number of organisms present colt and P. aeruginosa. We have -
Another factor that increases the when examined three hours Ia- therefore attempted to assess the
incidence of infection is the pres- ter., Immunologic, mucosal-re- immunologic impact of these .-

ence of foreign bodies in crushed lated defense mechanisms are pathogens in the combined-in-
-muscle. For example, clostridial augmented by physical defense jury models that we have estab-
rmyonecrosis Igas gangrene) oc- mechanisms, ie, peristalsis and lished. The canine, because of its
curs when Clostridium perfrin- mucociliary action. These mech- size and similarity to the human
gens is injected into guinea pigs. anisms plus the presence of in- being, was used as a model for E.
In normal animals, 10 spores digenous flora combine to regu- coli sepsis. In this model, each
were required to establish the in- late pathogenic colonization, canine received either a sterile
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fibrin clot or- a (lot containing lo" CfNSOLIDATED PWM (MEDIAN VALUES) Cm-A CONSOLIDATED PLTSS

E. co/i kg of hod *vweight. C:lots _________________

werec placedl surgically into the -

leritoneal cavity adjacent to the 2 67 297 P

* liver. Peripheral blood samples,
drawn in heparin, were used as 233 2 33 C66 '. i

a source of lymphocytes and/i 0 6 ~200-
or plasma for analysis, Lymnpho

*cyte-rich fractions were separated as167 s16

f rom whole hlood using ficoll- I o- o
f 1 3333

* Ilpaqule procedures. Lymph- E D 07D2 k o o

* ('vte tractions were examined in 'o *... 100 ; , 0' 0* vitrio for mitogenic response pat 0 '06

* ter~ns. Concanavalin A was used ~~ 3
to assess T Iymphocyte response 0 33 3 DIC

p~atterins, andi pokeweed mitogen 07 D0

PMI was used to assess T cell- a 7 74 27 28 35 42 49 0 2 74 21 28 35 42 49
wndaereB quntifisos ed GA. P)OST 

2
1() i 107S TRATEN DAYSI-~iI POST( 77i19( )(II) 7

sponses wee uniidon the Fig 2.thymIlidine!Utk I0 i or,(t iolsprtdcnn wilva
* Il~~asis ot I 8-boo trit iated thvrn- blood3( nml lol e~(s. ((e1110, 'w(1I II w.erv' inoae m(111CCI5 i I Rg of~ ( on- -fi

(line or to fig of lPWM'X trighti. Xledian ICvCIs ('\)i-sse( it jet-n )ll cI niml9 . Ifourl
Come ptariso oflyphcye (trjibutors per (data point 1)1. Iv'iiiiiet gIllIn)) inc(LI(Ie steileibri Hol-ll 1.

Comparison1 oflmhct o-contatinling 10" F. co/i kg-hod~v weightI. or "''(7 irrdiaio 1 I5 (".% ox ii 19C
f unctional response' patter'ns 0. Gvmnt'
showxed that the cellular aspects
responIsiv'e to PWVM stimulation

Figurve 2. left) were much more Canine humoral responses globulins investigated. Imimuno-
susceptible overall to insult Iradi- were evaluated on the hasis of globulins igG, IgA. Igli immnedi-
ation 09(1( sepsisl than were the plasma immunoglohulin lev'els ately began to increase. rea(ched
(:0(-A- responsiv'e elements Isee determined bv radial immunodif- maximal levels between days 1t)
Figure 2, right). In some cases, fuision IRIDI 'techniques. Experi- and 14, and fell off to low levels
(;on-A-reslponsive cells showed mental implantation of a sterile (days 21-281 before shoxing a

aiugnmentedl response p~atterns. In clot resulted in increased lev'els secondary but lower incr-ease at
tepeecofo"E. co/i/kg of o gG Igan drn 48 about clv35 IFigure 31.Thew pres-

body weight. Con-A cellular re- days of investigation. Interesting ence of E. co/i in the clot de-
sponse patterns were both de- to note was the temnporal pattern pressed all humioral responses

p~ressed and delayed. The pres- shown by all classes of immuno- (Figures 4 and 51. In the case5( of'

resp~onses from the 50"T4 of con- - . --- --- ~---~460
trol values, shown by the sterile D11 14h aten

*clot, to values only sligtlyhiger YIn

than loll,. T[he rihtio higer A Sterile Clot 3207

menlted ihormetici response seen 2401

with administration of 1.5 Gv of 3 IS0 .
*"'Co irradiation was similarly de- D 05 so0

p~ressedl by. the presence of E. co/i I, 7 , 0
for a p~eriod of 30 days. D~efinitiv'e Z 021 29, IO

UISO

difficult to characterize for P'V\ .'*. I-'*-~

responsive cells. H-owever, E. co/i N .~so

its in thre case of Con-A-respon -C - 4 ~
sive cells, suppressed M'VM cellu- c1
lar response patterns. The nadirS 15 24 32 40 46
reached 1bv animals gvnthe r1DYS
sterile c"lot amounted to about i4.aalmundfso-

8 16 24 32 40 46 56 determined levels of tgG; I x It) I or
MIN'~, of control values reached on DAYS igt\ expressed as milligrams p~er
day. 7. The introduction of sepsi Fi 3. Periodicity of normalized deciliter in caninles leceiving either
Postpone(] the appearance of the canine immunoglobulins ulgG. 1gM. a sterile fibrin clot or one con(-L
nadir until about day 13. when it lgt as determined byV radlial immu- taining 109 E. co/I. kg of body weight.
was quantitatively 20%14 of control nodiffusion techniques in experi- Each data point represents a mini-
values. mental insertion of steille fibrin clot, mum of five separate observations.
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140 terial implantation. Over time. 0C.
120~ (SA levels slowly decreased. Ho0w- IT' -- tTKT

lao I ever, at day to postinfection. CSA '0I levels were still 100% ahove nor- '

so I mal levels. GM-CFC numbers in
60. ~the peripheral blood (Fgure 11, % 5 l O 4

4w SMECAT I and 10 postsepsis, approached FigS 9.Pretaeo hte blo
normal levels on day 14, and Fg9 ecnaeo hl lo r

reached normal levels onl or cells and platelets in samples of
0 .. canine peripheral blood post "Co

S 16 24 32 40 46 aroundI day 28. The GM-CFC pic- irradiation 11.5 Gv at 0.1 Gv/minutei.
DAYS ture in the hone marrow was

*Fig5-s. 1 x lo'i levelsas per Figure 4.
C&A OtTCTEO is PUSM FOLLOWING INFECION

Canine EgG W1111H f CM.) t16 CLOT
320

lgG and 1gM, although dampenedI -

*somiew.hat h~ sepsis, the same 240-

p~atte~rn could he identified. in IMI CIO, 30

(contrast, IgA levels were, in the 1 60 - 2M OS ~
presence of sepsis. near normal ./lS AD

levels. SEPTIC CLOT . 150 RAILS

The effects of radiation on ca- a 10 20 30 40 50 1211111 1

* ~nine humoral rcsponse patterns DAYS 7 SF7

* ~are shown in Figures 6 through Fig6.lGx1'lelsi anns Fg10. tlemporal exaroinationrot
8. Le-vels of IgA, lgG. and IgM are receiving either bilateral Ct1.5 (Y at colony-stinoulating actvity i(CSAt

- udouted' agmetedby x- 0.1 Gv minutel "Ico radiation alone poresent in canine plasma samples
or in combination with septic I lollF atlr'r induction rot experirmental sep-

perimental surgery and the im-(Utr'vtei C,7.' ta
plantation ofasterile clot IlgA, culturg vofme bodyl wiiht clote ltaeo
lgNP that contains foreign pro-g

- tens.Augmnte leels re IC-Canine 1gM comopaison wvith colony-foroing per-
tominceoilnoral og serurmo

*pressed by the imposition of 150 60Data expresserd as rmean values fvrom
r adls of '"Co irradiation. IgA andl minimum of six animals per data

* 1gM. hut not lgG. levels were de- 040 .-ea pooint.
pressedl fuiriher by the add(itionl of sccCO 08a

. oli to the radiation treatment 20-r %

protocol. somewhat similar Figure i1,
[he number (of while blood , right). On day 2 post infect ion,

*cells in the peripheral blfood was 00 2 20 32 40 50 (GM-C:FC demonstrated large-
I OATYS-*decreased -~ one (lay after radlia- -nes order incr-eases 190 timesi on or

- . ltion andl didI not reach oml Fg7 g 0'lvl nraiw arounod experimental day 2, de-
*levels until dait% 49 'Figure 9'. TIhe rereiorg either bilateral '1.5 Gv at

hemtooieiccelulr apets e- 0.1 (;v'minutel (,(:I) radiation alone, creasing sharly to levels 7.5
heotpori ielula aspectsio re- epi l!E times normal (in day%, 4. and final~'
spnibefo oeotti onrl colilkg hodv' weight I fibrin (-lot, reaching nralelsaroundinclude both stem cells and pro- day' 28. It appears, fr-om at least7.

- . genitor cells. in vitro soft-agar a proliferative point (of view, that-
techniques are available that al- Canneog granulocYte-macrophage progeo--
low e!numeration of progenitor itor cells are able to respond to

* oells. [he hematopoietic progeni- 150 4402 exlperitnentallv induced septic
tr (cells responsible for the iro- 6jlesions.

lileralion (of granulocv' tes and
macrophages have been lemnoed 0

granuloc%'te-macrophage colony- SITI CLOT ISO 440S Comments and Conclusions
* lormingoellIs i(GM-C:FCI.A requjire- .....
* ~menit lor GM%-(:F(C proliferation is 0 ' 20 0 40 It is unfor-tunate that the vet;

I he presence (if colonv-stimulat- Fig 8. IpI levels i 10'' lev~els in technologies that enrich ouri
ing activity '(:SA'. Anal'ysis (of CSA caie eevn ihrbltrl evervday liv'es also intensify iii-

*conce'ntration in peripheral blood ' 1.5 (;v at 0.1 Gv minute' ""Co radtia- curred trauima. Our, data substan-
Figrf IJ hoedsiniicnt~v linajone. or in coroobiroialioon V0u1) lialfe numerous repots in the

- increased levels within three septic '10 F. cohikg of WAYoI~ wm'ight, literature on the state of anergv
- hours 12.65 times normali (of hac- fibrirn vlrot that exists piost trauma. t nfor-
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tunatelv. the fibrin clot model. 0,411
(levelop'ed to mimic peritonitis,. D f 111

induces immunologic artifacts. - F c7(OT 11010
Foreign proteins within the clot COMM( £107

matrix enhance the hunoral re- a 'r .-.

sponse pattern of canine pinto- -I Cal UC

types. Addition of E. coli to the ISO *CTA Cice

fibrin clot suppresses both cell /0 o
mediated andl humoral response
p~atte~rns over a period of seven-
wveeks. 'The presence of P. act-a,- 0-- 42 DO~ 2 4 7 0 14 1? 2P1 28
ginosa or, one of its virulence- DAS PSIVCTM DASMSIMM7N

enhancing factors, exotoxin-A, Fign1. Prpea lo n ii l~i~wci(et-t~~sctgauo c
also induces immunoparatvsis in macrophage e-olonv-fomiing cells GM-CF( 1 Peiphera~il Wioodto10 cells CUltore,
in %itroi lymphoc~'te cultures. tell, and bone flialmiw (Pis '2 x10(P5(Lti.rgh'wi pte'.il
IraumIna-induced immunoparaly- satadrd levels of (SA (7.51N h ' volume normaflil (tog selal tData expriessed its
sis. coupled with the presence of jier(17t of conitrol. mliimulim o1 six represenitative's per (dta p)oint

* opportunistic pathogens anti en-
xi-onments favorable to their pro- Shork. Stockholm. F-crsvarets Manifestations of' Infection and

-liftration, often leads to lethal re- I-orskningsanstalt. 19M, lip 5- C Urrent lherapv. New York, Ava-
*sults. 66. detic~ Press. 1979, pp 339-3:6(i.

Our, research dtemonstrates that 6. %lesser-schmidt (IL. Sic-ahlanhle- 14. Stienitz OfD. Holder IA: Expeci-
earl ' , aggressive inimunomodula- lastung undt offene Hautwunde. mental studies of the pathogene-

* tory steps are verv important and Arch Kin EXIp tOerratol 227:329- sis of infections doe to Pseudo- 5
mus heimlemntd a son f- 335. 1966. mionas aeruginosa: Description oit

7. Messerschmidt Of-i t IntersuchUn- a burned miouse model. .1 In fect
* Ir taua a prctcahe.gen uber Komhinationssrhaden Dis 131:-688-691. 1975.

uher die Legenserwartung von 15 Wrellind B. Pavlovskis OR: Lxpieri-
Mausen, die mnit G;ats Korpei miental Pseudonionas aeniginosa'.

Rleferences Bestraiongen in Komibitiation humn intection mnodel in mice, in
mit offnen oder (;eschlosseneii Zak 0. Sande MA edsl: Animal

1. Mot~ore FDf: Background: The Haut v'erletzuniger Bauchopera- Mfodets in the Evaluation of Che-
pressing needt for new knowl- tionen oder Konirssionsscha- motherapn of Infi-ctious D)iseases.
edge on radiation injury, wth dfen belastet W'Urden. Strati- Lo0ndon. Academnic Prevss in

phyvsical trauma, in Walker, lentherapie 131:298-3 11. 1966. ptrssl.
HI. G;ruber D)1- Xtac%'ittie 1lJ, et al 8. Ntesserschmidt OL. Birkennmav L. 16. Pavlovskis OR. Yallee 11J. Wretlind
vds): Proceedings of the First Bomes H, el a]: Hadiation sickne ss B. et at: Experimnirtal Pseudo-
International Svmpos ium on the comtbined with bumns. Int'lAtomic monas aerigiosa hu i iii (Of(--
Pathophvsiologv of combhined In- Ener~v' Ass'n Sci Mfanual-I 19 173- tions, in Walker HI. Gruboer D)1.
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Hematopoiesis in Conventional Mice After Wound Trauma

G.D. Ledney, L.K. Steel, H.M. Gelston, Jr., W.E.
Jackson, III, and E.D. Exum, Departments of
Experimental Hematology and Biochemistry, Armed
Forces Radiobiology Research Institute, Bethesda,
Maryland 20814-5145

Macrophages, granulocytes, and platelets serve in
wound debridement, bacterial neutralization, and
homeostasis. Replacement of such cells may involve
perturbations in the clonogenic cell populations
responsible for replenishing specific adult cell
populations. For example, the human blood granulocyte
progenitor cell compartment is increased following
abdominal hysterectomy (Philip et al, 1980). In mice, skin
wound trauma produced changes in the proliferative cell
compartments of the hematopoietic tissues 24 hrs after
injury (Ledney et al, 1980). In this study we report (1)
some of our findings on the hematopoietic clonogenic cell
changes in conventional mice after trauma and (2)
circulating substances which may mediate these changes.

Materials and Methods

Animals: Groups of 10-20 week old female B6CBF1 Cum BF
mice were wounded under Metafane anaesthesia between the
hours of lOAM and 2PM. A non-lethal 2.5 cm circular wound
(4% skin surface) was cut in the anterior-dorsal skin fold

1. Supported by the Armed Forces Radiobiology Research
Institute, Defense Nuclear Agency (work unit 4421-00129).
Views presented are those of the authors, and no
endorsement by the Defense Nuclear Agency has been given
nor should be inferred. Research was conducted according
to the principles enunciated in the "Guide for the Care and
Use of Laboratory Animals" prepared by the Institute of
Laboratory Animal Resources, National Research Council.
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and underlying panniculus carnosus muscle (between the
shoulder blades) with a steel punch. The punch was cleaned
after the wounding of each animal by immersion in 70%
ethanol. Wounds were untreated and left open to the
environment. After injury, all mice were placed in
sanitized cages with autoclaved hardwood chip bedding.
Control mice were anaesthetized and handled in the same
manner as the wounded animals except for the wounding
procedure.

Clonogenic Cell Assays: Colony forming unit-spleen
assays (CFU-s) were used to determine the pluripotent cell
numbers in hematopoietic tiss~ts. Experimental groups (6-8
mice) were exposed to 10 Gy Co radiation (dose rate 0.4
Gy/min). Within 4 hrs of irradiation, each mouse wa-
injected i.v. with either 25 x 10 spleen or 25 x 10
marrow cells derived from control (C) or wounded (W; 3,7,10
or 14 days post-wounding) dongrs. Additional irradiated
mice received 1,2, or 5 x 10 isolated peripheral blood "-'"
cells from C or W (day 3) donors. Spleens were removed at
8 days, fixed in Bouin's solution (2-4 hr) and surface
colonies counted.

Endogenous CFU (E-CFU) studies were performed on
groups of mice wounded 24 hr prior to radiation (7 or 9 Gy)
exposure. Spleen colonies were counted at 5,7,10 and 12
days after irradiation.

Tissues containing granulocyte-macrophage colony
forming cells (GM-CFC) and macrophage colony forming cells
(M-CFC), were tqaen from C or W3mice (days 3,7,10 or 14
post wound). 10 spleen, 25 x 10 marrow, and 0.5, 1 or 2
x 10 nucleated peripheral blood cells were grown in
triplicate double-layer agar cultures with 5% growth
stimulator (pregnant mouse uterine extract). Colonies (>50
cells) were counted at day 10 (GM-CFC) and day 25 (M-CFC). J7

All clonogenic data are quantitated on the basis of
106 nucleated cells.

Circulating Mediators: Serum from C or W mice (days 2
& 3) was examined for colony stimulating activity (CSA) via
M-CFC and GM-CFC assays. C-reactive protein (C-RP) was
measured nephelometrically using human C-RP antisera and
standards. Pli.a prostaglandin E (PGE ) levels were
determined by I-radioimmunoassay 9f samples previously
subjected to organic extraction and purification on C-18
columns. C-RP and PGE samples were obtained from C and W
mice days 1-7,9,11,14,1? and 21.
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Results

Clonogenic Cells After Wound Trauma: Splenic CFU-s in
W mice were increased 2-fold on day 3 after injury. Also
at this time, peripheral blood of W mice contained 4-fold
more CFU-s (71t4) than C mice (16+4) No significant
changes were seen in femoral marrow CFU-s.

The splenic GM-CFC concentration was increased 5-fold
3 days after trauma (80+4 vs 16t2). Thereafter, a
1.5-2-fold increase in splenic GM-CFC was observed during
the remainder of the 2-week wound healing period. In the
femoral marrow, the GM-CFC concentration was increased only
on day 3 after trauma (1870+139 vs 1328±116). Also on day
3, an 8-fold increase in the GM-CFC concentration in the
peripheral blood (48±11 vs 6t2) was seen.

The splenic M-CFC compartment of W mice was reduced
30-70% from that of C mice (153±9) during the 2-week
healing period. After injury, the femoral marrow
concentration of M-CFC was increased on day 14 only
(3224+403 vs 2136+157). The peripheral blood concentration
of M-CFC was similar in both W and C mice (130-160) on day
3.

Wounding 24 hr prior to 7 Gy resulted in 3-fold more
E-CFU at 5,7, and 10 days after irradiation than that
formed after 7 Gy only (control E-CFU were 0.8, 1.7, and
6.4 respectively). A 10-fold increase in E-CFU at 5, 7,
and 10 days was seen when wounding preceded 9 Gy by 24 hr
(control E-CFU were 0.2, 0.4, and 2.7 respectively. Thus
wounding had a greater effect at 9 Gy (p<.05) than at 7 Gy.

The doubling time for E-CFU was 1.2 days and was
independent of the radiation dose or the combined injury.

Circulating Mediators: CSA was detected in the serum
of mice 2-3 days after trauma. About 250 GM-CFC and 20
M-CFC normal marrow cells cloned in 0.1 ml of serum from W
mice. No colonies were formed in the serum from C mice

while approx. 1200 and 200 GM-CFC and M-CFC respectively,
cloned in enhancing medium.

Serum C-RP concentration increased 50-300% 2-4 days
after wound trauma. One week after wounding the C-RP level -7

returned to the control level of 4.0 ug/ml.
Plasma PGE2 concentration increased immediately after

trauma and was 'increased 10-20-fold 2-3 days after injury.
By one week, PGE2 returned to control values of about 50

pg/ml.

I
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Discussion

In conventional mice, the pathophysiological stimulus
of skin wounding and subsequent healing results in
significant perturbation in clonogenic cell populations and'-

circulating substances that may mediate hematopoiesis. Our
findings suggest that tissue injury provokes cellular and
humoral responses in the host's attempt to maintain
homeostasis. The utilization of granulocytes to clear
cellular debris and bacteria from the wound site may result
in the mobilization of proliferative cells from the bone
marrow and spleen. These cells produce mature elements to
assist in repair. As the mature cells are consumed, the
demand for more mature cells is met by proliferation and
amplification of progenitor cell compartments (GM-CFC and
M-CFC), the less differentiated E-CFU compartment, and the
pluripotent CFU-S compartment.

One focus of our work is to identify mediators which
may regulate clonogenic cells after trauma. PGE 2 is a
known modulator of hematopoiesis (Kurland and Moore, 1977)
and cells in resting stage (Go ) are known to undergo
proliferation when exposed to higher levels of PGE
(Williams, 1979) and this could explain the reduced spleni"
M-CFC seen after trauma. Additionally, there is in vitro
evidence that C-RP inhibits M-CFC expression (Marcelletti
et al , 1982). The finding of a serum substance (CSA)
capable of promoting GM-CFC growth suggests negative
feedback regulation (consumption of granulocytes) evoked by
trauma. But, in vitro demonstration of a CSA effect does
not mean that it is active in vivo.

The hematopoietic prolferation and attending mediator
release may be the result of host responses to infection or
endotoxins. However, abscesses, pus formation, lymph node
involvement, and histologic organ involvement with bacteria
were never seen. Also, a secondary peak in C-RP,
indicative of infection (Rowe et al, 1984) was never found.
However, all wounds were contaminated with one to three
naturally occurring skin or alimentary tract bacteria.
Wound colonization with specific bacteria may enhance
healing (Levenson et al, 1983) and/or inhibit colonization
with more desirable organisms (Papageorgiou et al, 1976).

Bacterial endotoxin is a known modifier of
hematopoietic responses. This substance could be released
by bacteria into circulation at the wound site or through
disrupted intestinal cell tight junction barriers after
injury (Walker and Porvaznik, 1983). Germ-free animals may
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provide a clue to understanding the clonogenic and mediator
substances released after trauma. In germ-free rats, the
intensity of the inflammatory reaction is less than that of
rats with a "normal" flora (Dorati et al, 1971). Future
experiments measuring hematopoietic proliferation and
mediator substance release in germ-free animals are planned.
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Various mechanisms of carrier generation in organic crystals are
reviewed. These include'band-to-band transitions, auto-ioniza-

"~*tion, and direct charge-pair generation. Geminate recombination

is discussed, including the effect of temperature and electric
field on the initial charge distribution. Carrier transport is

* reviewed, using crucial experimental results. An analysis of
various transport mechanisms is presented, including one that

. may be relevant.

Three processes that are of major importance in the phenome-
non of photoconductivity are carrier generation, carrier recom-
bination, and carrier transport. These will be discussed in that
order, as they relate to homomolecular polycyclic aromatic hydro-

carbon (PAHl) crystals. It is surprising that the mechanisms of
carrier generation and carrier transport in well-characterized
crystalline compounds are still subjects for heated dispute.

1. PHOTOGENERATION OF CARRIERS IN THE BULKp

Among the homomolecular PAN compounds, anthracene has long
been the "hydrogen-atom" for theoretical calculations. It now
appears that there are distinct differences not only in the quan-

titative response of various members of the PAH family to light,
but there may be qualitative differences as well. As one pro-
ceeds from naphthalene to pentacene for example, the optical ab-
sorption spectrum shows a significant increase in the contribu-
tion of states that have ionic character (I). This increase in

137
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ionic character is paralleled by an increase in the quantum ef-
ficiency of photogeneration. However, there is not yet unanimity
on the association of this increased ionic character with a spe-
cific mode of ionization.

Historically, the first conflicted picture to be resolved
was whether the photogeneration of carriers proceeded as a re-
sult of a direct transition from the valence band to the conduc-
tion band (band-to-band, BB) (2, p. 470). In anthracene, it was
known that the absorption spectrum was essentially explicable in
terms of transitions to bound, neutral, Frenkel exciton states;
the BB transition would thus have to be weak since the final
states would be buried in the Frenkel exciton spectrum. An alter-
native hypothesis was that carrier generation requires the excita-
tion of a Frenkel exciton that could dissociate if its energy
was degenerate with that of a pair of uncorrelated carriers.
This process is referred to as auto-ionization (AI). It does not
follow that all AI transitions lead to completely uncorrelated
carrier pairs. Most of the emitted electrons will thermalize
within the Coulomb capture radius of the geminate positive ion,
forming a transient charge-transfer state that can either decay
to the ground state or dissociate by the absorption of ambient
energy. Following Jortner (3), the wavefunction of such an AI
state can be written as

E a7, + Ei bii +  CE E dE' (I) [''

where tE' are the crystal continuum states, and i are the sets

of excited vibrational levels of the ground state and of other
bound electronic states that are degenerate, or nearly so with
the vibrational state localized at "A. Anticipating the recent
work of Bounds and Siebrand (4), an example of another type of
bound electronic state that would be degenerate with the A
would be a charge-transfer (CT) state, in which the hole and
electron are on different molecules, but still correlated with
one another. These CT states could ionize completely by absorb-
ing ther-a! energy, or energy from an external electric field or
auxiliary light source. The decision as to whether BB transi-
tions or an A! transition was the proper description for the
photoconduction process was made on the basis of studies using
polarized light, but it is now evident that these experiments
would not distinguish between the AI mechanism or that in which
a dissociable CT exciton was excited. This may be seen as fol-
lows: for the purposes of this argument, assume that all three
processes namely AI, BB transitions, and direct CT formation oc-
cur. If one classifies bound states as being either Frenkel
states or CT states, thenthe maximum efficiency of carrier
production, - can be expressed as

%..
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k {[x(l-y) hAI + (l-x) nCT + Al Xy + a
F Al (2)

k

where k is the overall optical absorption coefficient, being equal

to kF + a, where kF is the absorption coefficient to a CT state

or to a Frenkel state that can autoionize with an efficiency Al" 6.

Here x represents the fraction of states that lead to AI and y re-

presents the fraction of Al states that lead to carriers without

passing through an intermediate CT state. The efficiency of ioni-

zation of the CT state is given as rICT. In either case, AI or

direct CT formation, an intermediate CT state can be formed; this

conclusion follows from the observations (5,6) that there is a

temperature and field-dependent ion-pair dissociation process that

precedes complete ionization. This field and temperature dependent '

process of dissociation is referred to as the Onsager mechanism

(7) which will be discussed shortly. The term a in equation (2) -

is the absorption coefficient to a plane wave state (BB transi-
tions) in which the ionization efficiency is unity. If BB transi-

tions dominate, then a dominates the numerator and it follows that A
- ~ma/k. Since €- is found to be about 10

-4 in anthracene (it is

much higher in tetracene and pentacene, (8)) this implies that

k = kF + a - a or kF > a. Thus - would vary inversely with
the absorption coefficient kF. It is possible to check this pre-

diction by using polarized light to excite the crystal. In this

way, k may be varied by a factor of 7 at a particular wavelength

(constant energy), thus providing a technique for changing k with-

out introducing at the same time the additional complication of

changing the energy of excitation. This experiment was carried

out by Geacintov and Pope (9), and Braun and Hornig (10), and it

was found that there was essentially no change in 0- as k was

varied. This observation ruled out BB transition in anthracene.

This polarization experiment cannot, however, distinguish between

the processes of AI and direct CT formation. It is probably the

case that both mechanisms are operative in the sense that for some

materials and in some energy ranges, one or the other process (or

perhaps both) will dominate. Thus, in the subthreshold energy

region for photoconduction (i.e. hv < E where E is the band gap

and hv is the photon energy), the contribution of AI is small,

while there is incontrovertible evidence that direct CT exciton

formation does take place. This will be discussed shortly. On

the other hand for excitation energies exceeding the vacuum level,

the observation that electrons can be photoemitted with the maxi-imum kinetic energy (11,12) permitted by teEnti hteeti
equation is proof that no intermediate CT state need be excited

to produce free carric: .. !jrthermore, it has been found by

Chance and Braun (5), :.,,t .Lie activation energy Ea for carrier

photogeneration in the energy region 5.4 < hv < 6.2 eV is constapt

at about 0.06 eV and the quantum yield at 6.2 eV is about 4 x lO

This quantum yield should be compared with that of photoemission

at 6.2 eV (13), which is about 3 x 10
- 5. From geometric consid-

....................--:........-----.-... ....-........-.... -



140 M. POPE AND C. E. SWENBERG i

erations, it may be appreciated that roughly one-fourth of the'

total number of free electrons will emerge from the surface, so

the actual Al yield should be at least 10-4 at this energy, which
is approximately what is observed experimentally in photoconduc-
tivity. Tn addition, the constancy of Ea over the energy region
5.4 < h < 6.2 eV is consistent with the maintenance of the same
mechanism or mechanisms of photogeneration over this energy range
and with the position (5) that AI also plays a major role at
energies less than the ionization energy of the crystal. It thus
appears reasonable to expect that there are excitation energies
for which the photoconductivity mechanism in a given PAH crystal, ,

changes from direct CT exciton generation to Al.

The CT state in anthracene was first treated theoretically
by Hernandez and Choi (14), who concluded that the direct optical
transition to this state would have an oscillator strength of 10-4,
and that it would be buried in a region of high oscillator
strength Frenkel exciton transitions, making its spectroscopic
detection difficult. The first indirect evidence for the genera-
tion of CT excitons was provided by Pope and Burgos (15), and this
was based on nhotoemission studies, particularly in tetracene.
The first optical absorption evidence for the existence-of a CT
state in a hononolecular PAH crystal was presented by Tanaka (16),
who worked with 9,10 dichloroanthracene. These results were sub-
stantiated by Abbi and Hanson (17). The proposition that direct
CT eeneration was the primary mechanism for photoconductivity in
all PPAH crystals was put forth in a series of theoretical papers
by Bounds and Siebrand (4,18), and more recently by Bounds,
Peteienz and Siebrand (19,20). Experimental evidence for direct
excitation of CT exciton states in tetracene and pentacene has
been provided by Sebastian, Weiser and B~ssler (21). More recent-
ly, the CT exciton transition was detected in anthracene by
Sebastian, Weiser, Peter, and Bassler (22). All of the experi-
mental studies were based on the electric field modulation of
optical absorption.

We will first discuss the theoretical work of Bounds, Pete-
lenz and Siebrand (BPS). The fundamental premise of this study
(based on anthracene) is that the direct excitation of the CT ex-
citon is made possible by the coupling of this low oscillator
strength state, with that of the high oscillator strength (f _l)
S3 (IBu) Frenkel state located at 4.63 eV. The S3 state thus lies
about 0.5 eV above the anthracene band gap Eg -- 4.1 eV, and all
optical excitations in the energy region up to 4.63 eV would pro-
duce CT states (albeit, vibrationallv excited); in other words,

there would be an energy of activation for photocon-uctivity even
when the optical energy hv > Eg. This is in fact observed (5).
The energy ECT of CT states of varying separation distance between

the charges was calculated by BPS, using the expression

p. -
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ECT( 1lk I, Z2k2 ) = E + Wc(ZIkl, 2k2)+AWehtl h2k2)-We-AWh-- (3)

where k2 Z2 is the molecule and unit cell respectively from which

the electron is removed and kl 1t is the final state of the excess

electron; Eg is the band gap, Wc is the Coulomb energy of the two

carriers, and AW are apparent polarization energies, the subscript
eh reern othe electron-hole pair and the separate e and h

subscripts to the electron and hole respectively. The apparent

polarization energy is defined as

W= P+- + WR (4)

where P is the polarization energy of a charge, which includes

charge-induced dipole and induced dipole-induced dipole interac-

tions, WM is the charge-multipole energy and WR is the lattice

relaxation energy; the P term is the largest in magnitude. The .

results of these calculations for anthracene are shcw n in Fig. 1.

d -- Q

ulAb 00xis
3.6o c axisf (1101 direction

54

Fig L.Eeryo an electron-hole pair in anthracene as a

function of separation in four crystal directions.

The solid line represents the energy the pair would
have in an isotropic dielectric with c = 3.23 for a

Coulombic potential. Bounds et al (19).

These data may be described qualitatively but not quantitatively
by a Coulomb expression of the form
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En Eg- e4/8(hecon) 2  (5)

where p is the effective mass of the electron-hole pair, eco the
dielectric constant parameters, and n is a principal quantum num-

ber, related to the distance r between electron and hole. Equa-

tion (5) is overly simple, and when properly corrected, yields

the results shown in Table I. The CT state values shown in

Table I. Energy Levels En of CT States (in eV) (19)

n Quasi-Localized Modela Wannier Modelb

1 3.20 3.46

2 3.70 3.72

3 3.88 3.85

4 3.96 3.93
5 4.00 3.98

a
Along the [1101 direction, calculated using eq. (3).

bCalculated using an empirical correction to the

Coulomb potential.

Table I can be related to the activation energies Ea found for

carrier generation in anthracene by the relationship Ea=Eg-En;

quantum efficiencies of carrier generation *o(hv) were also calcu-
lated, and the results of these are shown in Fig. 2. The agree-

0 Fig. 2. Calculation (lines) and

I obsereved activation energies of

, 0.2 carrier generation (bottom) and
- quantum yields- of electron-hole

- C X.o pair formation (top). From Bounds
-- et al. (19). Circles and squares

0 taken from (6) and bars from

L. E. Lyons and K. A. Milne,

J. Chem. Phys., 65 1474 (1976).
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ment for the Ea values is good, but not so good for the *o(hV) N
calculations. The explicit assumption is made here that while it
is possible to excite vibrational states of GT excitons for each
value of En, only the 0-0 vibrational state is available for
thermal dissociation, the excess energy being dissipated in a
time shorter than dissociation or recombination. It was possible
for BPS to estimate the contribution of CT states to the overall
absorption spectrum; in anthracene, this contribution was small

%~but significant (23), while in tetracene and pentacene, the CT
contribution was dominant.

Considerable experimental support for the CT exciton mechanism
for carrier generation has been provided by work on electric field
modulated absorption spectroscopy. As described Sebastian et al
(21), the electric field induced change in absorption coefficient
k for excitation of a Frenkel exciton may be given to first order

by the expression

Ak (AP) F2 ak/aE + ... + (6)

where Ap is the average change in molecular polarizability, F is
the applied electric field, and ak/;E is the differential change
of absorption coefficient with the optical excitation energy.
For the excitation of a pure CT state the change in the absorp-
tion coefficient is given by " .

Ak - (1/3 qr) 2 F2  2 kI E2 + .. (7)

where qr is the magnitude of the dipole morment of the CT state.
In Fig.3 is shown the absorption and electroabsorptioa spectra of
pentacene; for excitation eneriies above 1.83 eV it is evident
that Ak varies directly with a k/aE 2 . Similar studies were made
on anthracene by Sebastian et al (22), although it proved to be
more difficult to detect the CT states. These authors correlated ..
the energies of these peaks in the CT exciton spectra with the
size of the CT exciton using a Coulombic equation similar to that
given by equation (8); this is shown in Fig. 4. The extrapolated
value of E proved to be 4.4 eV, in contrast with the accepted
value of about 4.1 eV; they justified this discrepancy by identi-
fying their CT values with the vertical (Franck-Condon) transi-
tions from a Frenkel ground state to vibrationally excited CT
states. Furthermore, in opposition to a basic premise of the
BPS treatment, they postulated that the excess vibrational energy
for any particular CT state could be used to further separate the
members of the ion-pair state. This postulate, in a sense, com-
bines the processes of CT exciton absorption and ballistic carrier
separation. The identification of the structures found by
Sebastian et al (22), in the electroabsorption spectrum with the
sequence of CT states of different separations rCT has been

.. "-. . .. . ....- ...
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Fig. 3. Absorption and electroabsorption spectra of pentacene
films. Solid curves refer to experiment, the dashed curves
represent fits on the basis of Stark effect and charge .-

transfer excitons. The lower absorption curves are calcu-
lated with the assumption of complete charge transfer. a
is denoted by k in text. From Sebastian et al (21).
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Fig. 4. (a) Chir-e-trainsf er energies versu! ciprocal CT distance

rCT- (b) CT binding energies. Fuli dots are experi-ient'l,
crosses and open circles are computed data from ref. 19
(0: point molecule treatment, x: submolecLule treatment).
From Sebastian et al (22).
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TRANSPORT IN ORGANIC CRYSTALS 145

questioned by Siebrand and Zgierski (24). These authors calcu-
lated the spectrum of CT states in anthracene and attributed the
structure observed by SWP8 (22), to the vibrational overtones of
the nearest-neighbor CT state.

The AI mechanism of ionization coupled with the ballistic
model of electron-hole separation has bben discussed in detail by
Silinsh et al (8), who studied tetracene and pentacene. The es- e.
sential principles of this model are exposed in Fig. 5. Here,

..,__ __ outoionizo ho n .

S k - ;

. .*.I q-

~~~~S--- ::!-

k &fa£ 7

F C TT

.excitation j j

o r r r

Fig. 5. Photogeneration stages in anthracene-type molecular

crystals according to the ballistic model, a) neu- Z
tral electronic states; b) bounded charge pair (CT)
states; c) ionized states of the crystal. From

Silinsh et al (8).

Al steps are succeeded by the escape of the hot electrons into
the lattice, where they thermalize by acoustic phonon scattering,
producing the series of bound CT states. Following the creation
of the CT states, the mechanism of dissociation is the same as
that of the direct CT exciton generation mechanism. Using a
rather simple scattering theory, Silinsh et al (8), calculated
the optical energy dependence of the thermalization distances,
ro(hv), which in turn, correspond to specific separations of CT
states. The agreement between their calculated and experimental
values is shown in Fig. 6. The values of the energies of activa-
tion Ea were calculated using the expression

Ea = Eg- e2/47EEoro(hv) • (8)
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a' IneVi ---.
2.2 2.4 2.6 2.8

10.20 3

(o0 0.2 o 2 06 0 5

0.'0

Fig. 6. Experimental zero-field thermalization length ro(hv) ,'" A

(pncircles) and corresponding Ea(hv) (fllcd dots)
dependences on hv in pentacene; (1) Ea(hV), curve;L
(2) ro(hv); calculated using ro = (D~th) , see text;,
(3) empirical formula for ro . From Slinsh et al (8).,'''"

As nay be seen in Fig. 6 the agreement is satisfactory. Calcula- ,.-'."
tions were also made of the photoconductivity quantum efficiency ,.."-'.•

and agreement was found between calculated (using ballistic theorypand a modified O.nsager theory) and measured values in the energy ,

region E(hx)) > Eg. In the region E(hv) ' Eg, they found a dis- !
crepancy that they attributed to a contribution from direct CT .4

state absorption. In the higher regions of photon energy, they -

found another discrepancy that they attributed to excitation to a
different AI state.

In the cases considered above, the thermalization distance,
orCT exciton size is determined by the energy of the absorbed -,-"..

photon. There is another interesting experimental result in which ,- "
it appears that the efficiency of photoconduction is independent ;""
of photon energy (25). This work was carried our with X-metal-
free phthalocyanine crystals embedded in a polymeric matrix. It .-.
was found that all the ionization proceeded from the first excited
singlet state, S1 . In the direct CT exciton excitation picture,".' "

one night explain this result by the proposition that excitation .. ,
to any state above S

1 
results in a rapid internal conversion to , -"

SI, which must have considerable CT character because the applica-..--
tion of an external electric field leads to a significant fluores- .''
cence quenching from Sl . The quenching would be due to the field-

induced dissociation of the CT states, which depletes the coneen-.-

0.05.
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tration of states that could recombine to form singlet-states
that could fluoresce. If S1 lies below the conducting level, as
appears to be the case with S-phthalocyanine (2, p. 671) then the
Al mechanism with ballistic carrier separation is not plausible,
unless the initial state is vibrationally excited.

Summarizing the results presented herein regarding the rela-
tive roles of AI and direct CT exciton for-nation, it appears that
there are materials and energy ranges in which one or the other,
or both mechanisms prevail. This point has been made by Silinsh
et al (8), and we favor this position. The actual determination
of the relative roles of Al and direct CT exciton formation might
be resolvable if photocurrent rise time measurements could be
made. This suggestion was made by Bounds et al (20,23), who pre-
sented a theoretical analysis of what the photocurrent rise time
should look like in anthracene, as a function of temperature and
excitation wavelength. They chose anthracene as a model compound
because the calculated values of the absorption coefficient to the
CT state seem to be much smaller than the observed absorption
coefficient to the Frenkel exciton states. Thus, if the Al plus
ballistic model is operative, it should have a much better chance
of being seen in anthracene than in pentacene, where the CT _
transitions appear to dominate Frenkel transitions in the energy
region greater than that of Sl. If the ballistic mechanism is
operative, Bounds et al (23) assume that only the nearest neighbor

CT state will be excited, regardless of photon energy. The rise ',111
time of photoconductivity would thus be a constant,independent
of photon energy. However, in the case of direct absorption to r
a CT state there should be an essentially instantaneous population
of CT states of all radii. The risetime of conductivity should
drop with increasing photon energy, due to the increased popula-
tion of quickly ionizing large-radius CT exitons. These differ-
ences in the rate of formation of the CT state can be incorporated
into theoverall rate of formationof free carriers. It emerges that
by using the parameters required to explain the action spectrum
of the energy of activation, it is predicted that the rise time
of the photocurrent should be constant at about 55 psec if the
ballistic model is correct and should drop to 15 psec with in-
creasing photon energy if the CT mechanism is correct. The as-
sumptions made in deducing this expected behavior are arguable,
and it seems that the experiment could be used to rule out direct
CT absorption, but not Al.

II. GEMINATE RECOMBINATION

Following the initial step of carrier generation, there
evolves a final configuration of a hole and an electron separated
from each other by a distance that in some way is a function of
the energy of the exciting light (except as indicated above).

. . . . . . . .... .....% , .. ., . .... ... ....... ... .... ... ., -. .. .. . .. .. -... ... .. ... . . i?:? 2
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These carriers have originated from the same excited molecule and
are referred to as geminate pairs. These pair-states can dissoci-
ate as a result of a thermally activated diffusive separation of
the two carriers and the application of an external field. The
quantitative de: ription of this photoionization process was given

by Onsager (7). The application of the Onsager theory to organ-
Ic crystals was carried out by Batt, Braun and Hornig (26,27),
and by Chance and Braun (5,28). It was found that the theory was
quite successful in explaining the observed results without in-
troducing any parameter other than the dielectric constant of the
medium. The Onsager theory gives the probability that a therma- r.
lized geminate charge pair will escape recombination, and will

dissociate under the influence of an external electric field of
strength F. Onsager assumed an isotropic system containing a low
concentration of charge pairs (.-o interaction between charge pairs)
in thermal equilibrium with a medium of dielectric constant E. L-

The relationship for the probability that the charge pair will
dissociate is (29)

m Am Bm "
a

f(r,9) = exp (-A) exp (-B) f . ( (9)

m-o n=o

which,when o.y terms linear in B are retained, gives ti- 4

f(r,a) -[exp (-A) 1(1 + AB) (10)

2
where A - -,/r, B - Br(l + cos 8), q e I8%CckT, 8 = eF/2kT, r
is an initial separation distance between the oppositely charged
carriers and 6 is the angle between the radius vector r and the
applied field vector F.

The para=eter 2q has the dimensions of distance and in the
absence of any external field, f(r, 6 ) is equal to exp f-2q/r).
The value of 2q is referred to as the Coulombic capture radius
rc, and corresponds to the distance at which the kinetic energy
of the diffusing particle is equal to the Coulombic attractive
potential energy. For an electron moving with thermal energy kT,

2
e /4'oErc " kT

or
rc e2 /4w £okT 2q (11)

The observed carrier quantum yield 0 can be expressed as
the integral of f(r,8) over space (28)

0= 0f r, f(r,S) dT (12)

where 00 is the primary quantum yield in carrier pairs, and ;(r,e)
is the probability per unit volume of finding the ejected electron
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Energy transfer in, and luminescence from polymers in dilute rigid

glasses and solid polymer films are subjects of extensive current
research. This interest stems partly from the vast differences in optical
and electronic properties which polymers exhibit and their usefulness. A
microscopic description of how electronic energy is transported and
trapped and the various routes of dissipation is essential for under-
standing inhibition of photodegradation processes in polymers. This
chapter will have the limited objectives of (a) reviewing the
experimental evidence for intramolecular energy transfer in polymers as
demonstrated initially by Fox and Cozzens (1), (b) summarizing
experimental evidence for dependence of delayed fluorescence and
phosphorescence on the molecular weight of the polymer, (c) developing
a simple model which accounts for the enhancement of the delayed
fluorescence with increasing degree of polymerization and its saturation
for high molecular weight pol. mer, and (d) discussing the time
dependence of polymer intramolecular excimer and monomer
luminescence using the spectral function formalism for a one-
dimensional transport model. The chapter is not intended to be
exhaustive in its treatment but rather selective, illustrating the general
concepts involved.

I. EVIDENCE FOR ENERGY MIGRATION IN POLYMERS

Singlet and triplet energy transport in polymers with pendent
chromophores has been actively studied since the pioneering work of
Eisinger and Shulman (2) and Cozzens and Fox (1). Intermolecular
transfers of triplet excitation energy in fluid solutions (3) and triplet and
singlet exciton migration in crystalline solids such as anthracene (4) were
well established prior to conclusive experimental proof of intramolecular
energy migration among the chromophores of a polymer. Intramolecular

2s9
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260 C. E. SWENBERG AND R. T. DEVINE

energy transfer in linear organic polymers, such as vinyl polymers, is
expected since their adjacent chromophores have separations on the
order of 4 A and favorable relative orientations such that long sequences
of closely spaced pendent groups exist. Before presenting experimental
and theoretical results of delayed emission dependence on polymer
molecular weight we review the classical work of Cozzens and Fox (1) on
delayed emission from poly(l-vinylnaphthalene) (PIVN) in tetra- . -
hydrofuran-diethyl ether at 770 K. For dilute rigid glasses, where the
concentration of the pendent chromophore(s) is generally less than 10-
3M, each polymer is spatially well separated from all others thereby
precluding intermolecular energy transfer. A property of any dilute
polymer glass is that the emission spectrum (at 770 K) exhibits a
fluorescence and phosphorescence action spectrum nearly identical to its
chromophore analog. For P 1VN this implies that l-ethylnaphthalene and
P IVN spectrum are similar although delayed fluorescence is not observed
for I-ethylnaphthalene at equal molar concentrations. Dilute polymer
glasses at low temperatures generally do not exhibit excimer
fluorescence. Following Stevens (5) we use the term excimer to denote
an excited dimer which is dissociative in its ground state. ..
Intramolecular excimer formation occurs when the interaction of an
excited chromophore with another chromophore on the same molecule
have the proper configurational arrangement; hence excimer
fluorescence in solid matrices is sensitive to the temperature at which
the matrix is formed as demonstated by the Frank and Harrah (6) study
of poly(2-vinylnaphthalene). A typical delayed emission spectrum of
PIVN is shown in Fig. 1.

Fg1. Deae msinsetu fpl(-iynptaee

emsio3ewen40 350 and 50 500 That mobil tripettate-an

Waeegh(a)".'.
Fi.I eae msinsetumo oylvnCahhln).

inttayrSrndehlehe t7O;ectto f,

wavelen Wavele0ngth apr(m atl 1-.. rml'.

Cozzens and Fox (I). : .,.

Characteristic of the delayed emission spectrum is the delayed fluores- i- -__.3

emission between 490 nm and 5S70 nm. That mobile triplet states and

.4
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their mutual annihilation are involved in the origin of the delayed band

centered at 346 nm can be shown as follows. Suppose we add to the

PlVN--etrahydrofuran-diethyl ether solution molecules M having the
following properties: (1) its lowest singlet absorption band is below that

of l-ethylnaphthalene, (2) its triplet state lies energetically higher than
I-ethylnaphthalene and (3) it has a high intersystem crossing rate so t.at

a large fraction of excited singlet molecules result in triplet excited
molecules, then convincing evidence for triplet state involvement is

shown if upon excitation of M an identical delayed fluorescence spectra

to that resulting from direct excitation of PIVN is observed. Using

benzophenone and an exciting at 366 nm, a wavelength at which PIVN

does not absorb, Cozzens and Fox (1) observed delayed fluorescence

identical to that observed using 290 nm light. Fig. 2 illustrates
schematically the energy pathways involved.

0-i--.-

¢2* 2*

-°- hu-/ hv

K-2
hv

Fig. 2. Schematic model of extended poly(l-vinylnaphthalene)

Fig. with triplet donor molecules M (0 ). i2 denotes a ..

naphthalene moiety and hir the incident photon

absorbed by M. M* intersystem crosses before
transferring its excitation energy to pendent groups.

Observation that IDF varied approximately as the square of the incident

intensity suggests the delayed fluorescence arises from triplet (T) -

triplet (T) annihilation; symbolized as:

T + T -S* + S So +So + hl (1)

Additional experimental evidence for triplet state involvement is pro-
vided by the quenching of both phosphorescence and delayed

Ffluorescence by piperylene, a well known triplet quencher. In fact a
study of its quenching effects on the delayed emission demonstrates that

at least one of the triplet excitons involved in the fusion process is
mobile. This is evident from the phosphoresence quenching curves

(Stern-Volmer graphs) of P1VN and l-ethylnaphthalene illustrated in Fig.

3.
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3.5

(PVN) x 10'
30Base Molar

2.5- &2.5
CH. ,.5

2.0

1.5 5x to-,M
I-Ethylnapthelene

1.0 0.01 0.03 0.05
Piperylene (M)

Fig. 3. Quenching poly(l-vinylnaphthalene) and 1-ethyl-
naphthalene phosphorescence at 770 K as a function of
piperylene molarity. From Cozzens and Fox (1).

Since the p:obability of quenching is proportional to the concentration of
quenchers and the effective quenching volume, the enhanced decrease in
PlVN phosphorescence as compared to l-ethylnaphthalene implies a
larger cross-sectional volume; this can only be obtained if some of the
pendent triolet excitons are mobile. An alternative experimental
technique for proving intramolecular energy transport is offered by
studying :he L;minescence from copolymer glasses. One of the first
exoerirnen:s was Fox and Cozzens (7) study of sensitized phos-
phorescence from copolymers of styrene and l-vinylnaphthalene, in
which the zroups derive from the latter act as energy sinks with respect
to chain segment derived from styrene. The delayed emission spectra
for a mixture of polystyrene and poly(l-vinylnaphthalene) and the
corresponding copolymer is illustrated in Fig. 4. The single broad band
centered at 430 nm is attributed to polystyrene whereas the delayed
erission from poly-(I-vinylnaphthalene) consists of a group of
phosphoresence bands centered about 500 nm and a delayed fluorescence
band at 346 nm. Note that in the copolymer, curve A in Fig. 4, no
delayed fluorescence is observed, a consequence of the lack of
neighboring cluster formation of i-vinylnaphthalene moieties within the
polystyrene chain. Comparison of the spectrum of the copolymer (curve
A) relative to an equivalent homopolymer glass mixture (curve B)
provides conclusive proof of energy transfer within the host polymer
chain since the intensity of the styrene-derived phosphorescence has
decreased whereas the l-vinylnaphthalene-derived phosphorescence band
has been czrrespondingly enhan~ced.

-iS."- -
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350 400 450 Soo SS50-'
Wavelength Inm| i

Fig. 4. Delayed emission spectra in 1:1 diethylethertetra- !!?'
hydrofuran glasses. Curve A: Styrene- I-vinyl-
naphthalene copolymer containing I tool percent I- ""
vinylnaphthlalene derived groups. Curve 5: Mixture of ""
polystyrene and poly(I-vinyinaphthalene) polymers-, I'"--
mol percent polyll-vinylnaphthalene). Excitation -
wavelength 260 nm, 77O0K. Modified from Fox and " 'Cozzens (7).-
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H1. MOLECULAR WEIGHT EFFECTS ON DELAYED EMISSION ... _

Low temperature (77K) emission from isolated polymers in glass--"
matrices, e.g. in 2-methyttetrahydrofuran (MTHF) and tetrahydrofuran :....
diethyl ether (THF:Et20), is characterized by both phosphorescence andr.' .

delayed fluorescence bands. The intensity of these two emission bands . :
have been shown by a number of investigators (8, 9) to be dependent on
the molecular weight of the polymers; the delayed fluorescence intensity- .
000F increasingl and the phosphorescence intensity (1p) decreasing with -=
increasing degree of polymerization. Fig. 3 illustrates this tremendous ''"
influence of the average molecular weight of the polymer on the delayed .,'
fluorescence and phosphorescence intensity for glasses of poly(N-vinyl-,..,-""
carbzole) in MTHF. Similar effects have been reported for poly(2-
vinylnaphthalene) in THF:Et20 (3) and poly(2-naphthylmethacrylate) in ,' i
matrices of MTHF (10) for luminescence measured at liquid nitrogen
temperatures. Although the ratio Of lDF/lp increases with the (average) 7- .
degree of polymerization (1)at low molecular weights a saturation in -- -

this ratio is observed when P > 100, where the effective chain length at..-.
which saturation occurs depends on the particular polymer. Since this "..-
molecular effect on the delayed spectrum is observed in dilute rigid '"'
glasses (polymer concentrations less than 10-3M) the fusion process'"
occurs between triplet excited chromophores within a single polymer, ie.

* o
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Fig. 5. Delayed emission spectra of three different poly(N-
vinylcarbazole) fractions, 6 x 10-4 mol basic unit/liter
in 2-methyltetrahydrofuran at 770K. Molecular weights:
A) 2 X 106; ) 3 X 10; C) 9 X 104. Excitation 4.*"p-.
wavelength 330 nm. Modified from Klopffer et al (9).

intramolecular exciton fusion as opposed to intermolecular annihilation.
A qualitative understanding of enhancement and eventually saturation of
IDF with incr.easing polymer chain length was initially given by Pasch
and Webber (3). Their reasoning was as follows- We note first that for a
fixed excita:ion intensity larger polymers have a larger average number
of tr;plet excitons per molecule. If the length (L) of the polymer is
comparable to or less than the exciton diffusion length (La ad if some
of the triplet excitors are mobile, then an increase in L produces a
corresponding increase in the delayed fluorescence since a mobile triplet
exciton has a nonzero probability of annihilating with either a trapped
triplet or another mobile exciton. This increase in IDF with L occurs at
the expense of the polymer's phosphorescence. When L > 2Ld no further
effects on IDF are expected since excitons separated at distances
greater than 2Ld do not annihilate. Although this model possesses the
essential qualitative feature observed for low temperature polymer
glasses a quantitative theory is exceedingly difficult since triplet-triplet
annihilation is known to be affected by chromophore separations and
intrachain, non-nearest neighbor contacts.

A semiquantitative model of the effects of L on IDF and Ip was
given by Webber and Swenberg (11). These authors analyzed the
dependence of exciton annihilation on parameters such as lattice size,
lattice dimensionality and the exciton fusion rate using a Pauli-Master
equation. Their treatment is quite similar to the formalism of Paillotin
et al (12) used in modeling the fluorescence quantum yield decreases
observed in photosynthetic membranes (13) with increasing excitation
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pulse intensity. Let Pn(t) denote the probability that a lattice contains n
excitons at time t. The (Ansatz) master equation obeyed by the

- .' components PN(t) for a lattice of size L Is 13
i ~ ~~~j P " -S(M 4 ,0 (4) 1t AW (2) ik_

where ,,) " (","

is the excitation rate,
O~ -(,,,,)P'P. R*) n,/ Pit) (4,) "-

denotes the net monomolecuar decay and
A R) L S.. R €)- .€)o /

is the decrease in the nth state caused by exciton annihilation. Lo is the
parameter describing the excitation intensity, LO is inversely pro-
portional to the excitation intensity, 1 is the unimolecuhzr exciton
decay rate, Lc is the second order dimensionless rate constant for
exciton fusion and Gn describes the dependence of the annihilation on
the occupation number, n, of the lattice. Previous formulations of
exciton annihilation (12) assumed that Gn = n(n-l) which corresponds to
twice the number of exciton pairs on the lattice. In Webber and
Swenberg ( 1) formulation, however, the general form, namely

G. V1 0 --0 (6) v'.

was assumed. The constant a was taken to differ from unity and a value
of 1.3 was adapted on the basis of computer simulations. This is
discussed later in the text. The addition of the double annihilation
events, events where both excitons disappear simultaneously upon
annihilation, ;.re already included in equation (2) since Paillotin et al (12)
have shown that inclusion of level transitions, n - n-2 simply iatier the
scaling factors of the final equations; their explicit inclusion is therefore
unimportant in semiquantitative modeling of IDF dependence on chain
length, L, discussed herein.

In the absence of annihilation, the occupation distribution, Pn,
obeys Poisson statistics,

P , /L.) t 1. (7)

For Lc\ 0(/'"-"/) (

L/o L) TTVII
Rn va k I:/L UL.
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and the value of n for which Pn is maximal decreases as Lc increases;
the density of excitons on a polymer diminishes relative to the Poisson
limit (Lc = 0). The effects of bimolecular annihilation on the steady-
state distribution Is illustrated in Fig. 6. Experiments displaying the
increase in IDF and decrease in Ip with increasing molecular weight %
reported by Webber and coworkers (8, 10) and KlUpffer et al (9) were
performed under steady-state conditions, hence fhebeix-erimental
measureables in terms of the distribution functions Pn are

and L

T Oc . ,-, (, -P (10)

The addit.ional L-I dependence in equation (10) arises because under the
experimental conditions polymers in low temperature glasses had
constant chromophore densities. For simplicity we have neglected in
equations (9) and (10) the weighted sum over the polydispersiveness of
the sample and assume that L in the above equations corresponds to an

,.. average degree of polymerization, F. How IDF behaves for L large can

0.5

01.

CL 0.01

0.0

- -I

0 2 4 6 a
n Excitons

Fig. 6. Comparison of normal Poisson distribution (---) and
modified Poisson distribution (-) for LC 1 1
Both are for L 250, Lo 100. From Webber and
Swenberg (11).
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-' be seen by noting that for large Lc and large L the second order term,
Gn, dominates. In this limit Pn exhibits a maximum at

Hencethe. (,1)

Hence the asymptotic limit of Ip depends on the numerical value of the
parameter ci . For

o ~/a a  t, oo (12)

< a L/, •T~"'' ,.- L-.'v (13)
G( < SA , -- V 0-L.-V-w

In contrast to Ip, the delayed fluorescence is relatively insensitive to at
for large Lc and a values near unity. Fig. 7(A) illustrates the
theoretical dependence of IDF and Ip on chain length L as calulated by
Webber and Swenberg (11). It is evident that the predictions of the
model are qualitatively similar to the delayed emission data from poly(2-
vinylnaphthalene) reported in Fig. 7(B).

10.5 '1.0
0 0.11. 0.5"" "

A , .. . 2. 0.2. . ... . . .

10 102 103 104 102 102

L

Fig. 7. (A) Theoretical plot of triplet density (Lolp), for St.
1.0, 1.5, and 2.0 (-), and annihilation density (LolOF)
(-), where Ip and IDF are given by eqs. (9) and (10)
respectively. The latter curve is essentially
independent of 4(for Lc large. Lc = lo g for these plots.
(B) Plots of experimental phosphorescence and delayed
fluorescence intensity for poly(2-vinyinaphthalene)
versus L. From Wel 'er and Swenberg ( 1).

It is important to empl. "size that the fusion model described by Eq.
(2) explicitly neglects the spatial variables of the excitons, an
assumption which is strictly valid only when the randomization time is
rapid compared to the annihilation rate (12, 14). For singlet migration

a' *

4. , , . . -. , , . . . . , . . . . . . . , , .•. . . . , . .-. , .. " ,.. , . "...... ., . - . , % , . , . .

'a' '. "% . '' , . ." . . ,., . ." .
"

. ',... ".*o"" , ." ",' . " . . , ".' " , " 
"
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265 C. E. SWENBERG AND R. T. DEVINE

within the photosynthetic membrane where the hopping rate is greater
than lo 1 1sec - 1 this assumption is known to be valid (12), however triplet
transport among the pendent groups of a polymer is quite slow, less than
1010 sec- 1 , and suggest the inapplicability of the randomization
approximation. Inclusion of non-randomized events unfortunately
necessitates extensive computer simulations. A further difficulty with
the formalism is that the effects of a finite diffusion length (Ld) of the
exciton has not been properly incorporated into the theory.
Although at not equal to unity decreases the importance of bimole -ular
annihilation when Ld < L by shifting the peak in the distribution 11n to
smaller n values there are nevertheless annihilating events contributing
to IDF for separations (on the average) greater than 2Ld.

0®0®00G0
00cI(OTOQ0

Fig. 8. Schematic of model used to derive rate constant kn A)
At t = 0 there are 3 excitons. B) At t = 1' (one hopping
timne unit) there is a collision which is indicated by
double asterisk on single molecule.

A rationalization for at = 1.5 was based on an effective d&cay
constant det.ermined from numerical simulations of the probability
distribution of first collision time, TnD(t) for lattices containing L sites
&-id n excitons. A collision was defined as either two excitons arriving at
the same site or neighboring sites at the same time. The function %en(t)
was constructed by repeated simulations for a fixed number of excitons.
Fig. 8 ilustrates the case where n z 3. In this case a collision occurred
after only a single hopping time unit. In terms of the simulated
distribution function and in the absence of unimolecular decay, the
occupation distribution is given by

The effects of annihilation on PNOt is apparent in Fig. 9 and illustrates
the highly nonexponential behavior expected for the delayed
fluorescence. The effective annihilation rate was defined by Webber and
Swenberg (11) as

kx, x (16)

- . .%..o
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where Pn(tx) -x. The dependence of i for x -0.5 illustrated in Fig. 10
is suggestive of a nonintegral value for o( , An ot somewhat smaller
than the simulated value might be expected because of near intrachain
crossings; the parameter oC includes crudely the effects of nonintegral
dimensionality effects. Disregarding the enhancement in excimer
emission oC is expected to be lower in solvents where chain contraction
occurs.

1.0

;)'

-~ n~2
0.1

0 .0 1 * - "0 0.2 0.4 0.6 0.8 1.0 ,tv x lO-' .\.

Fig. 9. Semilogarithmic plot of Pn(t) for n = 2 and 3 for a one
dimensional lattice with L = 400 constructed from 4000
trials. From Webber and Swenberg ( 1).

A comparison of simulated decays for lattices with 100 and 500 sites
under steady state initial conditions with experimental decay profiles of
P2VN is shown in Fig. 1I. It is evident that the quality features of."
IDF(t) are consistent with experimental data in the sense that (1) there is
a strong L dependence, (2) decays are nonexponential, and (3) first order
processes do not dominate the kinetics. Only when first order kinetics
dominate is IDF(t) exponential with a decay time (TDF) one-half the
phosphorescence lifetime (Tp). Unfortunately a direct comparison of .. --
lifetime data is difficult since polymer phosphorescence usually arises
from shallow traps, e.g. in PIVN TDF = 80 msec whereas Tp = 1.9 sec
(1).

. . .. . . ... . . .. .-. ...
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I 2 3 4 56711

{/
S% to"

S10" -*L

10 100

Fig. 10. Cor uter calculated decay constants for one
dimt,,;,onal (0) and two-dimensional lattices (e). See
text equation (16). The slopes are 1.8 and 0.7,
respectively. From Webber and Swenberg (11).

11.0 1.0 1.0

C 0 .5 0

10". 0. - 0.1

.2 00
10-

-* / b \

\o , A. B.

0.01r
0.2 0.6 1.0 0 0.2 0.4

t/. t(sec)

Fig. 11. (A) Semilogarithrnic plot of Ip (-) and LIDF (---)

versus t/A8. For L = 100 (a curves) and L = 500 (b
curves) with Lc z 5 X 1O4, o. - 1.5. (B) Experimental
decay curves for poly(2-vinylnaphthalene)
phosphorescence and delayed fluorescence. The a-
curve correspo-s to L = 100 and the b-curve
corresponds to L = 3250. Date reported in Webber and
Swenberg (II).
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Kim and Webber (16) have shown that even films and powders of
PVN at 77OK exhibit molecular weight effects on the delayed emission
spectrum similar to its manifestation in dilute polymer glasses. In solid
matrices, however, both the delayed fluorescence and phosphorescence
are broad, structureless, and red shifted (-%700 cm-1 for Ip and o-1800
cm-1 for IDF in P2VN) relative to their positions in glasses. Thus the
delayed emission, as Fig. 12 illustrates, is chiefly excimer in nature (17).
Presumably the steric arrangement of neighboring polymer chains inhibit
interpolymer excitonic migration. This could arise either from
unfavorable chromophore distances, thereby lessening the likelihood of
interchain Forster transfer or points of contact are excimer-forming
sites (I). The assignment of the phosphorescence to intra- or inter-
molecular excimers is not easy in solid vinyl polymers although the
delayed excimer fluorescence necessitates both mobile and trapped
triplet excitons.

A. B

-- 

.

*%

I . . . . . . .

600 520 440 360 600 520 440 360
Wevolengh (m)nf

Fig. 12. (A) Delayed emission spectrum of poly(2-viny--
naphthalene) in 2-methyltetrahydrofuran at 770K. (B)
Delayed emission spectra for powdered poly(2-vinyl-
naphthalene) of different molecular weights:(-
303,000; (-) 100,000; C.-)49,000. Spectra scaled to
equal phosphorescence intensity maxima. From Kim
and Webber (16).

M. Fluorescence Decay Profiles

A quantitative analysis and microscopic assignments of the time
resolved fluorescence emission cos.: onents from polymers in the solid or
solution phase to specific physical entities is generally exceedingly
difficult. This stems partly from (1) the intrinsic heterogeneity of the
emission which in some cases arises from the preponderance of shallow
traps, (2) the formation of intramolecular and in solid films or powders
intramolecular excimers and (3) the effects of dimensionality and size.

yS
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The monomer fluorescence intensity decay for many polymers, such as
poly(N-vinylcarbazole) (19), PIVN and P2VN (20), but not polystyrene in
CH 2CI 2 solution at room temperature (21), is highly nonexponential.
Although it is tempting to associate components in any decay profile as
originating from separate distinquishable molecular species it is
important to know that any identification need not be unique. A point
well illustrated by the fact that recent theoretical studies of excitation
energy transport (among monomer units) and trapping have demonstrated
that size and dimensionality of a physical system can result in
nonexponentiality in the monomer emission (23, 24). This is apparent for
one dimensional systems, an appropriate model for dilute polymers
solutions in a good solvent where the polymer is primarily extended with
few intramolecular neighbor contacts.

Monomer Solution

* Film

-V.

Wevelength (nm).-' -

Fig. 13. Room temperature fluorescence spectra of polystyrene :-

in CH2C12 solution and of film cast from CH2CI2solution. Excitation wavelength 250 nm. From Gupta

For a dilute solution of vinyl polymers the prompt fluorescencesea p tn

spectra exhibits both excimer and monomer emission. For films emission
is primarily excimer in character. Fig. 13 illustrates these general
features for polystyrene. The temporal characteristics of these emission
bands provide information on the formation process of the excimer band
and the intramolecular singlet exciton migration rate. This can be seen
as follows. Neglecting chain crossings, excimers results either (i) from
rotation of a pendent group into a favorable position for excimer
formation with its neighbor while in its excited singlet state or (2) from
the trapping of monomer excitation energy at excimer forming sites
(EFS), i.e.: properly performed chromophore pairs. The routes available
for monomer decay and excirner formation are illustrated in Fig. 14.

Two limiting cases can be distinquished: (1) rotational alignment in the
excited state is fast compared to the rate of excited singlet energy
migration, i.e.: KR > KE and (2) where KE > KR. In the first case the

.......................................-..~-.... ... :.::,-
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excimer rise time provides an estimate of the rotation rate of the
pendent groups. In case (2), EFS can be considered as partitioning the .
extended polymer into finite disjoint monomer segments bounded by
absorbing excimer forming sites. We restrict our discussion to case (2)
as this will illustrate how nonexponential monomer decays can occur in
the absence of special moieties. Consider a chain segment N monomer
units in length as illustrated in Fig. 1.

h, a

kR kE
hVE.-E u

- - - M ---o.E ---e- hPE
kM

M

Fig. 14. Excited state kinetic scheme for a single monomer (M)
and excimer (E) species. KR denotes the rate constant
for direct formation of excimers, kE is the trapping
rate function for monomer excitation energy at
excimer-forming sites. See text for details.

.J

FIg. 15. One dimensional model employed in calculating

effective exciton trapping function, kE, at excimer .. ¢
forming sites. 3 denotes the monomer nearest neighbor
intermolecular transfer energy, 3 * is the transfer
energy from a neighboring monomer to an excimer
forming site, KR is the rate constant for direct
formation of excimers.

Let Qi(t) denote the probability excitation energy resides at site
i(I - i A N) at time t, then in the incoherent limit, a valid approximation
since both phase and spatial coherence time is considerably less than
10- i1 sec for di%!rdered systems (4), the equations describing the
evolution of Q1(t) are:

X7' . .. .. .. ..
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,t Z"_.,. q+ V (17)

dQ. 4~ -Jc~ 4~u~p. (19)
dt

in the absence of biomolecular annihilation. The definition of the
parameters are evident from Figs. 14 and 15 and 11 (kM + kR)-1. In the
limit where 3 = 3' and for uniform initial conditions the solution (25) to
eqs. (17) - (19) gives the monomer fluorescence for an N site system as

FMW - C ei(-t/-) &Mltl (20)

where C is an appropriate construct and GN(t) is the spectral response
function for an N sites;

and

2 ( r-i)r/(M-i) (22)

The monomer fluorescence measured is given by an appropriate average
of the spectral function times exp(-t/9,). It is apparent from equation
(21) that decay profiles are non-exponential. Under thermodynamic
equilibrium conditions, Fredrickson and Frank (26) have shown in the
average t matrix approximation (27) and for small dyad trap
concentrations, q44 1, and long times, t3 1,

FM&W CC e91 1a"S 41111 eVic (al(-TtIjl (23)

Although the one-dimensional diffusion problems with randomly
distributed deep traps solved exactly by Movaghar et al (28) predicts a
long time decay proportional to exp(-Eti/ 3 ) the-a~ove solution is -.
sufficient in illustrating the nonexponentiality of the decay profiles.
Fig. 16.(A) shows that the effects of increasing the intramolecular I'
transfer rate 3 or decreasing the rotational rate, kR, enhances the
nonexponential character of the decay profiles. Furthermore it is
evident from the kinetic scheme in Fig. 14 that the trapping rate
function is given by

ke - .. ,.,61-) (24)

where G(t) denotes the ensemble average spectral function. At low

• .'o .
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excimer concentrations it follows from eq. (23) that kEOC t- 1/ 2. This
particular functional form has been utilized by Smith et al (29 ) to
analyze the transient luminescence properties in isotopicaly doped 1,4-
dibromonaphthalene. The exci-ner fluorescence, FE(t), can also be
formulated (26) in terms of the spectral function, namely P.

wher E(toCC CS - C, (S+ Iv) (25)

.where 2denotes the inverse Laplace transform and G is the Laplace
transform of G(t). Model calculations by Fredrickson and Frank (26) are
shown in Fig. 16. The important point to note about Fig. 16.(B) is that
the excimer risetime decreases as the energy transfer rate is increased
and an enhancement in the excimer intensity is expected. A similar
increase in intensity is predicted for increases in kR; Fig. 16. (C)
illustrates this point.

A. C. c.
0.1 0.6

10,060

0..

30. 30.4

020.2 0.2 1.2
0 A 0.2 0.4 0.6 0 1.0 a 2 6 7 I 2 S

it

Fig. 16. Time dependence of monomer and excimer fluorescence
using eqs. (23) and (25) at a fixed dyad trap fraction q =
0.05. A) Monomer fluorescence; a)tr3 = 10, b)P3 = 100;
B) Excimer fluorescence with monomer ('I'm) and
excimer (IrE) lifetimes 50 vsec and 80 'isec,
respectively, 9P= 10 wnsec; a) 3 1010 s, b) 3 = 107s-1;
C) Excimer fluorescence, 'lm 3  '0,'E 3 = 80, a)1 =.3
10, b)t3 = 50. Modified from Fredrickson and Frank
(26).r

The Aspler et al (30) study of time resolved fluorescence from
copolymers poly(l -na-pthylmethacrylate)-9-vinylanthracene provides an
illustration of how an estimate of the transfer rate within the naphthyl
chromophores can be inferred from the risetime of 9-vinylanthracene (9-
VA) moieties. In this case intramolecular excimers are replaced by traps

2-; .--e
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and KR = 0. This can be seen as follows. The main observation is that 9- ,-
VA emission at 425 nm is within experimental error the same whether

the copolymer is excited in the naphthyl absorption band, 280 nm, or at
380 nm where only 9-VA absorbs. To be consistent with the rapidrisetime in trap emission, k0-l10 9 sec, where k-I = k-l4?M. Since

"l"M = 1.5 x 10-9 sec, it follows that kE) 3 x 109 sec-l, 1Ivalue which .
should be viewed as a lower limit.

For generalization of the time dependence luminescence properties
for more complex donor and acceptor configurations and higher
dimensionality effects, the papers by Fayer and coworkers (22 to 24)
should be consulted.
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